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From the meteorological standpoint the latter are only 
a secondary effect of the main processes of condensation 
and precipitation. I? The cumulo-nimbus cloud or 
thundercloud differs from the ordinary rain cloud in 
having greater vertical dimensions, and in the existence 
of powerful upward air currents. As it is generally 
believed that the electrification of thunderclouds is 
associated with this upward air how, it is necessary to 
consider how the latter can arise. 

Any isolated mass of air having the same pressure but 
a higher temperature than the surrounding atmosphere 
(e.g. a fire balloon) will experience an upward acceleration 
of magnitude 

9'-e 

a = 9-^ 

where 9' == temperature of isolated mass, 6 — temper¬ 
ature of atmosphere, and g ~ acceleration of gravity. 

The pressure of .the atmosphere decreases with height, 
and the heated air during its ascent will therefore 
expand, doing work against the atmosphere. The 
exchange of heat between the heated air and the atmo¬ 
sphere will be small in the absence of turbulent mixing 
—a condition excluded by the postulate of an isolated 
mass—and it may therefore be assumed that the expan¬ 
sion of the air is adiabatic; the work of expansion is 
then derived entirely from the internal heat energy of 
the expanding air, and the latter therefore undergoes 
dynamic cooling during its ascent. 

The rate of decrease of temperature with height due 
to this cause can be readily calculated for dry air from 
the adiabatic equation* 

d9' AR dp 

T 

together with the equation of the hydrostatic-pressure 
gradient, namely 


^ . dd' A 9' 

which give — = — g-pT’-Q 

dz Cp 9 

The quantity gAjCp is termed the '' dry adiabatic 
lapse rate” and has the value 9-72 deg. C. per km. 
Dry air ascending in an atmosphere of approximately 
equal temperature {9' — 6) is therefore cooled at the 
rate of nearly 1 deg. C. per 100 metres of ascent. 

Now the temperature of the atmosphere itself decreases 
with height at the average rate of 6-7 deg. C. per km. 
The net result is that dry air in adiabatic ascent cools 
at the approximate rate of 4 deg. C. per km relative to 
the surrounding atmosphere. For unaided ascent to be 
possible the isolated air must be considerably warmer 
than the atmosphere at the starting level, and the ascent 
per degree of initial temperature-difference is only some 
250 metres. Convection under these conditions is there¬ 
fore essentially stable. 

Atmospheric air, however, normally contains an 
appreciable amount of water vapour. Humid air is 
specifically lighter than dry air and therefore tends to 

* Here jj, 6, and p are the pressure, temperature, and density respectively 
of the atmosphere at height z, 6' is the temperature of the isolated air at the same 
height, Cp is the specific heat at constant pressure (= Q-2i), A = lO-yf-lfl, 
and It is the gas constant. 


rise; its specific heat and therefore its adiabatic lapse 
rate below saturation are, however, almost the same as 
for dry air. If, however, damp air is brought to its 
dew point, further expansion results in the condensation 
of some of the water vapour and the release of a corre¬ 
sponding amount of latent heat. For a given expansion 
saturated air therefore cools much less than unsaturated 
air, i.e. tlie lapse rate of saturated air is smaller. This 
fact introduces the possibility of atmospheric instability. 
For, if the lapse rate of the ascending saturated air is 
less than the lapse rate of the atmosphere, the temper¬ 
ature of the ascending air relative to the surrounding 
atmosphere (i.e. 9' — 9) will increase with height and 
the ascending air will experience an increasing upward 
acceleration, until such time as the water vapour it 
contains is condensed and precipitated, and its lapse 
rate returns to the normal dry adiabatic value. 

These considerations suggest* that the conditions 
necessary for the development of the strong upward 
air-flow characteristic of a thundercloud are: (a) High 
relative humidity of the lower atmosphere. (jS) A steep 
lapse rate of temperature extending to a considerable 
height (e.g. 3 to 5 km.). 

The principal ways in which these conditions arise 
are as follows:— 

(i) Heating of the lower air ivith a relatively cold upper 
atmosphere .-—This may come about either by the ground 
and lower air becoming heated by the sun, or by the liase 
of a current of " polar ” air becoming heated by travelling 
oyer the warmer sea, Most tropical storms and summer 
storms in the British Isles are of the first type; many 
winter storms, especially in Northern and Western 
Scotland, are of the second tyjpe.f 

(ii) The crossing of surface winds and colder upper-air 
winds. —^l.'his often occurs in the southern qiiadrants of a 
depression where the surface winds are from more 
southerly regions than the winds of the upper air. 
Another likely place for such storms is the col between 
two anticyclones. 

(iii) The undercutting of tvarm air by the cold front of a 
depression. 

(b) The Electrification of Thunderclouds 

The electrification of a thundercloud implies the 
separation of equal and opposite electric charges, and 
the separation of charges requires the performa,nce of 
work. The only obvious source of this work is the 
upward air current through the cloud, and the que,stion 
which most theories of thunderstorm electrification 
commence with is therefore: Plow can a separation of 
electric charges be effected by an upward air stream 
through a cloud? Opinions on the correct answer to 
this question differ considerably. 

Sir George Simpson has suggested;!; that the required 
separation of charge is effected by the break-up of 
falling raindrops in the ascending air stream. It is 
a well-known experimental fact that the breaking-up 
of large water drops into smaller ones by an air current 
results in the water acquiring a positive charge while 
a negative charge is carried away by the air. The 
largest drop which can fall freely in air without breaking 

* See Reference (1). f IhUL, (2). J Ibid,, (ll). 
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up has a diameter of about 0-5 cm. and falls with a 
terminal velocity of about 8 metres per sec. In other 
words, water cannot fall relative to the air with a 
velocity greater than 8 metres per sec., and consequently 
no rain can fall through an ascending air current the 
vertical velocity component of which exceeds this figure. 

Simpson assumes that immediately below the storm 
centre of a thundercloud the vertical component of 
wind velocity is greater than 8 metres per sec. Drops 
falling into this region from the upper parts of the clouds 
are therefore broken up into smaller droplets which 
acquire a positive charge; these droplets are carried up 
by the air strearn, coalesce again, fall towards the storm 
centre, are again broken up, and so on. It is obvious 
that this process must result in a considerable accumu¬ 
lation of positively-charged water drops in the storm 
centre, while the upper portions of the cloud will acquire 
the negative charge carried away from the storm centre 
by the air stream. 

This picture of the structure of a thundercloud leads 
to two important conclusions. First, the concentration 
of charge being greatest in the storm centre, the majority 
of lightning flashes may be expected to proceed from 
this region. Since the charge in this region is positive, 
lightning flashes should discharge positive electricity 
into the ground. Secondly, the negative charge of the 
thundercloud should lie above the positive charge of 
the storm centre. 

Frof. C. T. R Wilson’s picture* of the thundercloud 
is very different. Wilson measured the changes in the 
electric field at the ground during thunderstorms; Ms 
results indicated that the positive charge of the cloud 
was at a higher level than the negative charge. In 
other words, the base of the thundercloud is negative, 
a conclusion at variance with Simpson’s theory. The 
mechanism suggested by Prof. Wilson to explain the 
formation of a cloud with a negative base is as follows: 
Suppose that the assumed charge distribution in the 
cloud already exists, producing a downward-directed 
field inside the cloud. In such a field positive ions 
move down, negative ions move up. The only ions 
which can exist inside a condensing cloud are, however, 
large ions with a mobility of about 0 -0003 cm. per sec. 
per volt per cm. Direct experiment shows that the 
field intensity which will produce disruptive ionization 
in air containing water drops of the size encountered in 
clouds is of the order of 10 000 volts per cm. Greater 
fields than this cannot exist inside a cloud. The 
velocity of the large ions in the cloud will therefore not 
exceed some 3 cm. per sec. relative to the air. This is 
about the rate at which a water drop 0 • 1 mm. in dia¬ 
meter falls through air under gravity. All water drops 
with diameters greater than 0 • 1 mm. will therefore 
descend faster than the positive ions moved downwards 
by the field. 

Now a water drop in a field of the direction assumed 
will have a negative charge induced on its upper surface 
and a positive charge induced on its under surface. 
The positive induced charge on the under-side of the 
drop will repel positive ions overtaken by the drop, but 
will attract the negative ions rising up to meet it. If 
the drop is falling faster than the positive ions, no 


positive ions can reach the drop from above, in spite of 
the induced negative charge on its upper surface. In 
this way the larger drops falling faster than the positive 
ions can collect an appreciable negative charge; the 
corresponding positive charge is carried to the higher 
portions of the cloud by the upward air stream. The 
fact that falling drops can acquire charges in this manner 
has recently been demonstrated by Mr. J. P. Gott.* 

It is obvious that the mechanism outlined can only 
build up a field which already exists. Initially the only 
field penetrating the cloud is the normal fine-weather 
field of the earth; this is directed downwards, the upper 
air being positive with respect to the ground. The 
upper portion of the cloud should therefore build up 
positive with respect to the cloud base, which, according 
to Wilson’s observations, is what actually happens. 

One of the most outstanding features of Wilson's 
theory is that it also provides a mechanism for main¬ 
taining the positive charge of the upper atmosphere. 
The normal fine-weather vertical potential gradient at 
sea level is of the order of 100 volts per metre, corre¬ 
sponding to a surface density of negative charge on the 
earth of 3 electrostatic units per square metre. TMs 
field produces a conduction current between the air and 
the earth the average value of which is 2 x 10 ampere 
per km?, or about 1 000 amperes for the whole earth. 
This current is sufficient to neutralize the entire negative 
charge of the earth in about 10 minutes and so abolish 
the field; yet this does not happen. ■ It is therefore 
obvious that some compensating process must be at 
work to maintain the earth’s negative charge. 

Prof. Wilson points out that under a thnndercloud 
with a negative base the direction of the vertical field 
is opposite to that usual in fine weather, so that the air 
earth current also flows in the opposite direction, as is 
required for the maintenance of the earth’s negative 
charge. In the intense field under a thundercloud the 
normal current is greatly increased by currents due to 
point discharges from grass, trees, and other projections 
on the earth’s surface. It has been shown by actual 
experimentf that the point discharge current from a 
single small tree under a thundercloud may exceed 
the current flowing to a square kilometre of ground in 
the fine-weather field. These point discharges under 
thunderclouds are often visible on high plateaux and on 
ships at sea, where they go under the name of St. Elmo’s 
fire. Lightning discharges from a negative cloud-base 
to earth will also assist in maintaining the earth’s 
negative charge. The complete circuit of the air-earth 
current is obtained by picturing the bipolar thunder¬ 
cloud between the ionized conductive layers of the 
upper atmosphere and the earth (see Fig. 1). Conduction 
to the upper atmosphere will occur by negative ions 
being drawn down from the upper atmosphere towards 
the upper positive pole of the cloud, thus leaving the 
upper atmosphere with the positive charge required to 
maintain the fine-weather field. This conception of the 
thundercloud as the source which maintains the normal 
fine-weather field is supported by the fact that the daily 

* See Reference (6). A variation of this theory assumes that when a large 
drop overtakes and collides with a smaller one, the positive influence charge on 
the under-side of the large drop passes to the smaller one. The latter then 
rebounds,leaving the large drop with a net negative charge. The possibility 
of rebound without coalescence has been proved by experiment. 

^ Ibid., (6). 


* See Reference (4). 
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variations of the mean fine-weather potential gradient 
follow closely the daily variation of thunderstorm 
activity over the earth.* 

The Simpson and the Wilson theories of the thunder¬ 
cloud are both exceedingly attractive, the former by 
virtue of its simplicity, the latter by virtue of its com¬ 
pleteness. Although Wilson’s theory started with a 
better experimental basis, the interpretation of field- 
change measurements is difficult and perhaps not 
entirely unambiguous, f In these circumstances it 
became very important to secure additional evidence to 
show whether the storm centre of a thundercloud is 
the seat of a positive or of a negative charge. 

Simpson supported his picture of the thundercloud 
by a bold argument of analogy and a most convinc¬ 
ing theory of spark propagation.^ Photographs of 
lightning flashes almost invariably show the discharge 
branching away from the cloud towards the ground. 
Discharges produced by a laboratory influence machine 
show such branching only in the direction away from 
the positive electrode. The presumption is therefore 



Fig, 1 

that branching of a discharge always occurs away from 
the seat of positive charge. This deduction, if correct, 
would establish the positive polarity of the storm centre. 
It is, moreover, difficult to conceive of a spark channel 
branching except in the direction of its propagation, and 
Simpson advanced a theory to show that a spark channel 
could elongate only in the direction away from the seat 
of positive charge.§ 

Simpson apparently regarded these arguments as 
decisive, and his views, as outlined in the Kelvin Lecture|| 
delivered to The Institution in 1929, obtained almost 
universal acceptance, at least in engineering circles. 

The reversion from Simpson’s views has come very 
recently. Additional evidence in favour of a negative 
cloud-base, from measurement of field-changes and 
wireless atmospherics, apparently convinced few people 
except the experimenters themselves. A serious blow 
to Simpson’s theory was, however, given in 1931 by 
Allibone and Schonland,*[[ who showed that a spark 
channel branching away from the seat of negative charge 
could be produced experimentally in the laboratory. 

See Reference (7). ■\ 

§ See Appendix I, where the fallacy in his argument is demonstrated. 

II Loc. cit, "i See Reference (9). 


During the last 5 years a large number of measurements 
of the current carried by direct lightning strokes to 
transmission-line towers have been made with mag¬ 
netic stroke-recorders. These measurements prove con¬ 
clusively that in the vast majority of cases the cloud 
discharges negative electricity into the ground. 

The present state of knowledge of the structure of 
the thundercloud may be summarized as follows. There 
is practically no doubt that the great majority of light¬ 
ning strokes to earth proceed from a negatively charged 
region at the base of the cloud. There is, however, a 
considerable amount of evidence to show that regions 
of positive charge can also occur in the base of the cloud, 
much as postulated by Simpson, and that positive 
discharges towards the ground do occur.* Although 
Wilson’s theory of the bipolar cloud fits many of the 
facts, it would seem that phenomena in actual thunder¬ 
clouds are more complex than has ’ been suggested by 
either Simpson or Wilson. Many observers believe that 
a thundercloud produces lightning only after the 
formation of a cap of false cirrus (which is a cloud form 
definitely associated with ice crystals) and that the 
formation of hail is an essential part of the process. 
Freezing temperature is usually reached at a height of 
2-3 km., and above this level the cloud consists of ice 
crystals and water drops mixed together by the upward 
air stream. Friction between water and ice gives a 
negative charge to the former and a positive charge to 
the latter, so that a rather forced explanation of the 
positive charge of the cloud summit can be given. 
Dauzeref has proposed a theory the starting point of 
which is the positive electrification of the cirrus crystals 
in consequence of photo-electric emission caused by 
ultra-violet rays from the sun. Ross Gunnj: has sug¬ 
gested that the electricity of rain and thunderstorms can 
be explained by regarding each water drop and its 
surrounding ionized water vapour as an electrical 
concentration cell. The equilibrium charge on each 
drop is proportional to the radius, and is positive if the 
drop is evaporating and negative if the drop is conden¬ 
sing. § All these theories result in the cloud base 
acquiring a negative charge. 

(c) The Mechanism of the Lightning Flash 

Lightning flashes are initiated when the intensity of 
the electric field becomes greater than the air can with¬ 
stand. Flashes may occur between the positively- and 
negatively-charged regions within the cloud, from the 
upper part of the cloud to the upper atmosphere, || and 
from the base of the cloud to earth. Discharges inside 
the cloud predominate in tropical thunderstorms, the 
altitude of which is in general greater owing to the 

* See Reference (10). t Tbid., (11). t Ibid., (12). 

§ Electrification associated with the evaporation and condensation of water 
was observed by Lavoisier and Laplace in 1781, and was regarded by them as 
having a possible bearing on the electrification of thunderstorms. The matter 
came up again in 1840-42 in connection with Armstrong’s hydro-electric machine. 
(See Laplace: “Complete Works," vol. 10, p. 20.1; Philosophical Magazine, 
1840-42, vols. 17, 18, 20; M. Farad.a.y: “ Experimental Researches,” series 18, 
Nos. 2075-2145.) 

II If Q 4 . and are the positive and negative charges of a bipolar cloud, 
localized at points in the same vertical line at a distance d apart, then the field 
intensity at a clist:mce h below the lower negative charge is 

Q — Q + 

/l2 ~(h + d)2 

If Q .|- is diminished by a discharge to the upper atmosphere, the field below 
(Q_) is increased and a flash to earth may be precipitated. This suggests that 
flashes to earth should be accompanied by upward flashes from the upper part 
of the cloud. Such flashes have in fact been observed [see Reference (13)]. 
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greater height of the tropopause. In temperate regions 
clouds are lower and discharges to earth are therefore 
more common. 

The suggestion that a lightning flash is only a very 
long electric spark was first advanced some 200 years 
ago. This view is substantiated by the electrical dis¬ 
turbances set up by the flash and by the identity of 
spark and lightning spectra. There are, however, 
important differences between a lightning flash and the 
comparatively short sparks produced in the laboratory. 
In the case of a spark between metal electrodes the 
charge is distributed over the surface of the electrodes 
and can flow easily towards the spark channel as soon 
as the latter is formed. In the case of the lightning 
flash, however, there are no electrodes. The charges 
producing the field are distributed not over a surface 
but through a volume. In a thundercloud the charge 
is carried entirely by water drops and large ions; small 
ions are practically non-existent except in regions of 
impact ionization. The conductivity of a cloud is 
consequently smaller than that of the air outside it, 
and a cloud can only be discharged by a number of 
ionized spark channels actually penetrating throughout 
its whole volume. To picture the thundercloud as a 
charged conductor is therefore entirely erroneous. It 



flash is shown in Fig. 3. Since electric current is a 
circuital quantity, the conduction current in the lightning 
channel must be continued as displacement current 
between the upper and lower branches, between the 
cloud branches and earth, and between the channel tip 
and earth. There will also be some conduction current 
in the ground. The positive space charge in the air 
under a thundercloud produces several important 
consequences. If, following C. T. R. Wilson and others, 
we assume a cloud with horizontal boundaries and a 
stratiform distribution of charge, so that the field varies 
only in the vertical direction, then the potential V and 
field e at a height x above the ground plane are related 
to the volume density of the space charge by the equation 


d^V 



The intensity of the vertical field at height z is accordingly 

rz 


6 — 477 


pdz -f 


where Cq is the field intensity at ground level [i.e. 
eo/(4Tr) is the surface density of charge on the ground]. 



must never be forgotten that the visible lightning flash 
outside the cloud does not start or terminate at the cloud 
boundary but continues inside it in a maze of ramified 
and branching channels to which the water drops 
discharge by brushing. When the cloud is thin these 
channels can sometimes be observed.* 

The belief that the lightning flash originates in the 
clouds and strikes towards the ground is exceedingly 
ancient. Its basis is probably the fact that many flashes 
are seen which do not reach the ground or even travel 
towards it, so that it is natural to regard the cloud as 
the origin from which the flashes are propagated. 

Laboratory experiments suggest that sparks are always 
initiated in the most intense portion of the electric field. 
The probable distribution of the field under a thunder¬ 
cloud is indicated in Fig. 2. The base of the cloud has 
a negative charge; the positive space charge in the air 
under the cloud is produced by point discharges from 
vegetation and projections from the earth’s surface. 
The intensity of the field will be a maximum where the 
space charge changes sign, i.e. near the base of the cloud. 
The flash may therefore be expected to start near the 
base of the cloud and to develop away from this point 
in two directions: one branch will move upwards into the 
cloud, while another branch develops downwards towards 
the ground. A rough diagram of a developing lightning 

* See Reference (14). 


The total space charge contained in a cylinder of unit 
cross-section extending up to the cloud of height h 
is therefore 


rh 

pdz = 


~ ^0 
477 


-'0 


the total positive charge below the cloud (space charge 
-j- ground charge) being of course e^/(47T). 

Now the field intensity at the cloud just before a flash 
cannot be much less than 10 000 volts per cm. (or 33 
electrostatic units per cm.), while the field at the surface 
of the ground under the cloud is known to be quite 
small, measured values ranging between 50 and 500 
volts per cm.* 

It therefore, follows that by far the greater part of 
the positive charge below a thundercloud is located 
not on the ground itself but as a space charge in the 
air close to the ground surface.! The assumed picture 

* See Reference (16). 

t If is the mobility of positive ions, the current leaving unit area of ground 
is i pKe. Writing p = ^ ^ and integrating, we get 




p = 


ilK 




The space-charge density p is therefore a maximum at the ground and falls off 
roughly inversely as the square root of the height. 
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of the charge distribution is of course much too simple, 
but the general truth of this conclusion is inescapable. 
A lightning flash, at least in its initial stages, is therefore 
a discharge between the negative space-charge region 
in the cloud and the positive space-charge region close 
to the ground. Only part of the negative charge given 
up by the cloud can reach the ground, the remaining 
portion being neutralized by the positive space charge. 
The effect of a flash being to neutralize some of the 
positive space charge close to the ground, it is not 
impossible for the ground field to be greater just after 
a flash than just before it. Increases in ground field 
following a flash have in fact been observed. 

In considering the space-charge distribution it must 
be remembered* that the small ions produced by the 
point discharge are very liable to be captured by dust 
particles in the atmosphere. Their mobility in an 
electric field then becomes very small, and their motion, 
and hence the distribution of their space charge, will be 
determined mainly by the wind. In this way strong 
space charges may be built up at points where cloud 
form and ground contours produce favourable wind 
conditions. Such concentrations naturally tend to 
promote lightning flashes to these points. 

The existence of the positive space charge under a 
thundercloud also explains why rain falling from the 
storm centre is usually positively charged—a fact which 
Simpson regarded as proof of the positive charge of the 
storm centre. The initial negative charge on a raindrop 
leaving the cloud base will be neutralized after it has 
fallen a very short distance through the positive space 
charge. After this the neutral drop, falling through a 
field directed upwards, will have a negative induced 
charge on its under surface and will collect a net positive 
charge by the Wilson mechanism already outlined. 

Lightning flashes observed with the naked eye are 
often seen to flicker; this indicates that the light inten¬ 
sity, and therefore the current in the flash, are either 
pulsating or intermittent. The first definite evidence 
of the intermittent nature of lightning flashes was 
obtained in 1889 by L. Weberf and H. Hoffert,J who 
photographed lightning flashes in a moving camera and 
obtained a series of similar images spaced across the 
plate. This showed that the flash consisted of a number 
of separate strokes, following each other in time along 
practically the same path in space. Such flashes, now 
termed "multiple,” were further studied by B. Walter§ 
and A. Larsen.|j The latter obtained a photograph 
showing 40 distinct discharges in a single flash, the total 
duration being 0 • 624 sec. and the intervals between 
successive strokes var 3 dng from 0-0026 to 0-0620 sec. 
C. V. Boys’ll devised a special camera with lenses revolving 
at very high speed, in the hope of being able to determine 
the direction and velocity of propagation of the flash 
from the sideways displacement of the images. He was 
unsuccessful for many years owing to the relative 
infrequency of lightning in this country. Working with 
a Boys camera in South Africa, B. F. J. Schonland** 
has, however, succeeded in obtaining photographs of 
65 flashes consisting in all of 235 separate strokes. The 
conclusions reached by Schonland from the analysis 


* See Reference (15). 

§ Ibid., (18). |] im., (19). 


t Ibid., (16). 
H Ibid., (20). 


t Ibid., (17). 
*♦ Ibid., (21). 


of these photographs may be summarized in the 
following way. 

Each flash is initiated by a streamer which shoots 
rapidly downwards from the cloud towards the ground, 
but becomes extinguished before it has travelled more 
than a fraction of the total distance to earth. Some 
50 microseconds or so later a second streamer follows 
closely in the track of the first and elongates the channel 
a little further. A third streamer follows the second, 
and so the process continues in a series of “ spits ” until 
an ionized channel is blazed all the way from cloud to 
earth. The velocity of advance of each individual 
streamer may be as great as 1/lOth the velocity of light 
but, owing to the pauses between streamers, the mean 
velocity of growth of the channel is much smaller—of 
the order of 10'^ cm. per sec. This series of streamers has- 
been termed by Schonland the “ stepped leader stroke.” 
The stepped leader often branches in its advance towards, 
the ground and this is tire origin of the well-known 
branching of lightning flashes. 

Immediately the stepped leader stroke reaches the 
earth the main or return stroke begins to travel up the 
channel from earth to cloud. Apparently the leader 
stroke draws from the cloud a very considerable charge 
which is distributed along the channel and branches, 
formed by the leader. When this antenna system is. 
connected to earth a discharge wave (the return stroke) 
at once travels up the channel. This view of the matter- 
is suggested by the fact that the intensity of the return 
stroke (as shown by its luminosity) is greatest at the- 
ground and decreases after each branch as it moves- 
upwards. No case has been observed in which the 
intensity of the return stroke is greatest at the cloud. 
The velocity of propagation of the return stroke is of 
the order of 1/lOth that of light. Tliis leader-main 
stroke sequence has also been observed in the laboratory.* 

After the extinction of the first main stroke there is. 
a short pause of perhaps a few hundredths of a second, 
and then a second leader and main stroke occur. Tho 
leaders to the second and subsequent strokes of a flash 
usually travel from cloud to ground in a single flight. 
Schonland has termed these " dart leaders,” to distin¬ 
guish them from the stepped leader to the first stroke- 
of the flash. The second and subsequent strokes are 
usually less intense and less heavily branched than the 
first stroke, but follow the same main channel very 
closely. The longer the interval between strokes the- 
greater is usually the intensity of the subsequent stroke. 
The average number of strokes in a multiple flash is. 
from 4 to 6, but a flash with 27 separate strokes has been 
observed with a total duration of about 0 - 6 sec. An 
idealized representation of the sequence of events in' 
such a multiple flash is shown in Fig. 4. 

The maximum current in the ground end of a light- 
ning flash can be deduced from the intensity of the- 
magnetic field produced in the vicinity of lightning: 
conductors and transmission towers struck by lightning. 
A short bundle of iron wires j- sealed up in a test tube is. 
placed close to the tower leg with its axis along the 
magnetic-field lines. The residual magnetization of the- 
bundle after a stroke is a measure' of the magnetizing 

* See Reference (22). 

t Wires are used instead of a solid rod, to avoid time-lag due to eddy currents,. 



GOODLET: 


LIGHTNING 


7 


force to which it has been subjected. From the latter 
quantity the stroke current can be calculated. About 
24 000 magnetic detectors of this kind were distributed 
over the lines of various German electric power com- 



Fig. 4 

panics in 1934. The results of the investigation to 
date* show that the most frequent value (mode) for the 
maximum stroke current is between 30 000 and 40 000 
amperes. Currents greater than 100 000 amperes 
occur very seldom. In 97 per cent of the cases examined 
the cloud discharged negative electricity to earth, the 
cloud base being therefore presumably negative. Similar 
investigations have been made also in the U.S.A.f 

The time variation of the current in a lightning stroke 
is more difficult to determine. As the leader stroke 
moves towards its goal, point discharge and displacement 
currents will flow, but the current in the object struck 
is probably small until the start of the main or return 
stroke. Counting time from this instant the current 
must rise to a maximum value and then decline again 
to zero, possibly with superimposed oscillations, as the 
stroke exhausts itself. We can therefore say a priori 



Fig. 5 

that the current/time characteristic of each stroke of a 
multiple flash must be similar to the curve in Fig. 6. 

The maximum rate of change of current in lightning 
flashes has been roughly measured J by K. Berger, § whose 
results suggest that 20 000 amperes per microsecond is 
representative of the average stroke. Rates in excess of 
40000 amperes per microsecond have never been observed. 

A rate of rise of 20 kA per microsecond in the most 
common peak-current range of 30-40 kA suggests a 
wave-front of at least 1| to 2 microseconds. The 
maximum rate of change observed (40 kA per micro¬ 
second) with a peak Current of 100 kA, corresponds to 

* See Reference (23). f Ibid., (24); 

t The voltage induced in a loop of wire having a mutual inductance M to the 
leg of a transmission tower is (subject to various corrections) Mdi/dt, where 
i is the stroke current in the tower leg. Berger measured the maximum loop 
voltage, i.e. {dildt)„iax.> means of a klydonograph. 

§ See Reference (25). 


a wave-front of 2^ microseconds. Cathode-ray oscillo¬ 
grams of surges on transmission lines due to direct 
strokes usually show wave-fronts of 1 to 6 microseconds. 
Schonland* finds that the average time taken by the 
main stroke to travel from ground to cloud is about 
40 microseconds, so that the total duration of the current 
pulse should be rather greater than this figure. It 
therefore seems probable that the t3q3ical lightning 
current-wave has a front of 2-6 microseconds and a 
total duration of 60 microseconds or more.j- The charge 
carried to earth by such a current wave is of course 


given by the area 


idt under the curve. 
0 


If the front 


and tail of the wave are assumed to be linear (triangular 
sawtooth waves) the charge carried will be ^ X (maximum 
current) x (total duration). With a duration of 50 micro¬ 
seconds and a maximum current of 100 000 amperes 
the charge conveyed is 2 • 5 coulombs per stroke. Schon¬ 
land finds an average of 4 strokes per flash, the first 
being the most powerful, which suggests that the charge 
conveyed to earth by a powerful flash is not more than 
10 coulombs. Prof. Wilson’s estimate, from field-change 
measurements, is 20 coulombs or more. This discrep¬ 
ancy provides support for the view expressed above, 
that a large part of the charge which leaves the cloud 
goes to neutralize the positive space charge below the 
latter and never reaches the ground. 

It is also interesting to examine the mechanism 
suggested by Schonland for the return stroke. Schon¬ 
land J says “ The advancing leader with its branches 
constitutes an actual downward movement of part of 
the cloud charge, which is distributed over the whole 
conducting system and in particular over the branches 
at the moment the leader hits the ground. When this 
charged system is placed in good conducting connection 
with the earth a rapid flow of charge takes place on a 
scale and at a rate such as is shown by the main stroke of 
the discharge. The frequent concentration of the energy 
of the return stroke on the lower two-thirds of the channel 
as well as its decrease in velocity as it passes the branches, 
offers evidence that the leader process lowers into the 
air the greater portion of the cloud charge tapped.” 

The leader stroke thus forms and charges-up an 
"antenna” system, and the main stroke is the discharge 
of this antenna to earth. Now the stress e at the 
surface of a long cylindrical conductor of length I, 
radius r, situated in free space and carrying a total 
charge Q, is roughly e = 2QI{rl). Assume that a total 
charge of 2'6 coulombs or 7’5 x 10^ electrostatic units 
(e.s.u.) is distributed over a total length of channel and 
branches equal to 6 km. or 5 X 10^ cm. The dimensions 
of fulgurites, etc., suggest that the radius of a lightning 
stroke is not more than 10 cm. With this radius, 
however, the surface stress is about 3 000 e.s.u. per cm, 
or about 30 times the electric strength of air (30 kV 
per cm.). It is therefore evident that the charge lowered 
by the leader and conveyed to earth by the main stroke 
must be distributed throughout a considerably greater 
volume. The diameter of the cylinder 5 km. in length 
which will enclose 2'5 coulombs with a surface stress 

* See Reference (21). 

t International Standards for impulse tests will probably be based on a 
wave with 1 microsecond front falling to half value in 50 microseconds. 

f See Reference (26). 
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of 30 kV per cm., is some 6 metres. The mean volume 
density of charge is then 5-3 x 10-2 e.s.u. per cm? 
This value seems reasonable, since J. P. Gott* was able 
to produce artificial clouds with 10® particles per cm.^ 
each carrying 420 electron charges, corresponding to a 
volume density of 2 x 10—2 e.s.u. per cm? 

An upper limit for the potential of the cloud base is 
obtained by assuming that the field intensity is 10 000 
volts per cm. over the entire distance between cloud and 
ground; thus if the height of the cloud base is 1 km. its 
potential is then 10® volts. 

(d) The Localization of Lightning Flashes in 
Certain Regions 

A question often debated is whether or not certain 
identifiable localities receive an undue proportion of 
lightning strokes; in other words, does lightning show a 
preference for certain localities and if so what are the 
physical features which distinguish such localities? As 
much nonsense has been talked on this matter it will 
be discussed in some detail. 

Consider a circular area, say, 10 miles in diameter. 
It is well known that the mean annual number of storms 
over such an area varies widely according to its position 
on the globe. Thunderstorms are frequent in the tropics 
but almost unknown in the polar regions. In a given 
latitude storms are more frequent on land than at sea, 
more frequent in mountains than over plains, and 
exceedingly rare over deserts. The reasons for this 
variation are also fairly well understood. The absence 
of storms in the polar regions is due to the dryness of 
the air and the impossibility of establishing the necessary 
vertical lapse rate of temperature. For equal insolation 
air over land becomes hotter than air over water, so 
that the lapse rate is greater; marsh land, farm land, and 
forest land all differ in their heat-absorbing power and 
evaporation rate. In mountain country, convection is 
assisted by the heating of the slopes (valley breeze) and 
the upward deflection of warm damp winds. Thunder¬ 
storms over deserts are rare because of the lack of 
moisture for cloud formation. The frequency of thun¬ 
derstorms over an area is, however, only a rough index 
of the lightning hazard, since thunderstorms vary greatly 
in duration and severity. In particular, tropical storms, 
though frequent and severe, are higher up in the atmo¬ 
sphere (owing to the greater height of the tropopause near 
the equator) and the proportion of ground strokes seems 
to be smaller than for storms in temperate regions. 

The phrase " localization of lightning flashes ” is, 
however, usually given a more restricted meaning. It 
is widely believed that there are certain objects and 
points which are particularly liable to be struck by 
lightning whenever a storm is overhead. A belief of 
considerable antiquity,! for which there is much evidence, 
is that lightning strikes the Mghest objects in the 
vicinity. Sir James Frazer attributes the worship of 
the oak common to most Aryan races of Europe to the 
fact (?) that the oak is struck by lightning more fre¬ 
quently than any other tree and is therefore favoured 
by the thunder god. It is a common belief that outcrops 

* See Reference (6). 

t “ Seest thou how God with his lightning smites always the bigger animals 
and will not suffer them to wax insolent, while those of a lesser bulk chafe him 
not? How likewise his bolts fall ever on the highest houses and the tallest 
trees? ” (The History of Herodotus, Book 7, chap. 10.) 


of ironstone " attract ” the lightning and that the 
remains of the yule log, if kept throughout the year, will 
prevent a house being struck. More scientific lieliefs at 
present under discussion are: (i) That lightning ” prefers” 
to strike soil of high conductivity, so that marshes, etc., 
are especially dangerous, (ii) That chimneys of ionized 
air which " attract” the lightning exist over certain kinds 
of ground rich in radioactive substances. 

The evidence in favour of localization of lightning 
flashes comes mainly from the records of electricity 
undertakings. Thus Lehmann* found that in 9 years a 
certain 80-km. line received 43 strokes, of which 26 fell 
on one section 6• 3 km. in length. Investigations showed 
that this section of the line was traversed by under¬ 
ground springs. It must be remarked that evidence of 
this kind is not conclusive unless it can be shown that 
the number and severity of the storms over the particular 
section are no greater than for the line as a whole. 
Moreover, electricity undertakings estimate the number 
of lightning strokes from the number of line flashovers ; 
it is loiown that many strokes do not cause flashoverf 
and that localization of flashovers can be caused by 
variations in the construction of the line itself. The 
responsible engineers also differ considerably in their 
ideas on the reason for such localization. Nevertheless, 
examination of all available data has left the author 
with the conviction that the existence of " danger 
spots,” struck more frequently for a given storm 
exposure, is a fact and not an illusion. 

The suggestion that geological factors influence the 
distribution of lightning strokes appears first in Arago’s 
" Notice Scientifique sur le Tonnerre ” (1838). Col. J. T. 
Bucknill, R.E., in 1881 made the statement “ that 
lightning is most to be feared by those who live on well¬ 
conducting areas, even of low elevation, and least to 
be feared by those who live on non-conducting areas.” 
The modern view is that the danger spots are located 
where there is a discontinuity in the geological formation. 
Thus^ Shipley! found danger spots associated with 
certain outcrops on the Nigerian plateau, while 
Lehmann§ found danger spots associated with under¬ 
ground springs. An interesting experiment bearing on 
this matter has been recently made by Stekolnikov.|| 
A metal dish is filled with soil, a small hill is raised above 
the average level, and a metal ball is buried in the 
vicinity of this hill. When the dish forms one electrode 
of an impulse spark-gap. sparks pass to the hill when the 
soil conductivity is_ high but to the buried ball when 
the soil conductivity is low. In the opinion of the 
author the soil-conductivity hypothesis is well supported. 

The air-ionization hypothesis has been the subject 
of an extensive investigation in France quite recently. *[[ 
A Gerdien air-conductivity meter was mounted on a 
motor loriy, and measurements of air conductivity were 
made at a number of points over a large transmission 
system. The distribution of lightning strokes over this 
system was then examined for correlation with the 
distribution of air conductivity. No correlation was 
found with the total conductivity (i.e. total ion content) 
of the air, but it was concluded that lightning did tend 
to fall more frequently at points where the conductivity 


♦ See Reference (27). 
§ Jlnd., (27). 


t Ibid., (2.'!). 
II Ibid., (29). 


t Ibid., (28). 
II Ibid., {ZO). 
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due to negative ions was greater than the conductivity 
due to positive ions.* The investigators identified high 
negative-ion conductivity with the presence of a negative 
space charge and pointed out that on Simpson’s theory 
the lightning channel, being positive, would tend to be 
drawn to such regions. 

The author’s criticism of this work is twofold: First, 
the conductivity measurements were all made during 
fine weather; it is explicitly stated that during storms 
violent fluctuations occur and that either positive- or 
negative-ion conductivity may be in excess. This 
means that the values of conductivity and conduc¬ 
tivity ratio measured in fine weather are no criterion 
of these quantities in stormy weather. But if air 
ionization has any influence on the path of the lightning 
stroke it must surely be the ionization actually existing 
at the time, not that measured, say, 3 months previously 
under different conditions. Moreover, ionization at 
ground level is not the same as ionization in the atmo¬ 
sphere, f Secondly, air conductivity is due principally 
to the small ions of high mobility, whereas space charge 
depends more on the large ions present. A greater nega¬ 
tive-ion conductivity is not conclusive proof of a nega¬ 
tive space charge. Since the lightning leader is almost 
certainly negative, Simpson’s theory is beside the point. 

What is the real truth on this whole question of the 
localization of lightning flashes ? The author would sug¬ 
gest: First, that there are undoubtedly many localities 
where the configuration and nature of the ground favours 
the formation of a storm. Second, that the lightning 
flash is guided very considerably by the distribution of 
space charge of opposite sign below the cloud, produced 
by point discharge. Any object giving a copious point 
discharge, e.g. a mast or lightning conductor, is therefore 
particularly liable to be struck. Third, that lightning 
flashes tend to fall at places where there is a discontinuity 
of conductivity in the soil, e.g. on faults, outcrops, river 
banks, underground springs, buried pipes, etc. 

(e) The Effects of a Ligh tnin g Flash 

(i) Shattering of bad conductors. 

The effects of a lightning flash show considerable 
diversity. A flash to earth produces a central hole 
rather like a molehill, with radiating furrows. In sand, 
tubes of fused glassy material termed fulgurites can be 
produced. Trees may be stripped of their bark, 
completely shattered, or set on fire. Heavy iron bands 
on a ship’s mast have been broken when the mast was 
struck. Buildings are often set on fire, pieces of metal 
are melted, and many curious instances are reported of 
holes being knocked in stone or brick walls as by a 
projectile. Damage to trees and buildings is in general 
less when their surface is thoroughly wet. Fusing and 
firing are the natural result of a heavy-current arc, but 
how are the curious shattering effects to be explained? 
The author’s opinion is as follows 

The first point to note is that bursting and shattering 
occurs only when the objects struck are poor conductors 
of electricity such as wood, brick, or stone. Metallic 
objects when struck are either undamaged or simply 
melted. Many of the effects can in fact be imitated on 
a small scale in the laboratory. 

* See Reference (31). 


If we pass a spark between two electrodes placed on 
the surface of a good dielectric such as glass, the spark 
will usually travel in the air adjacent to the surface. 
In the case of a poor dielectric such as wood, however, 
it may be easier for the spark to travel through the 
wood than through the air. This is almost always the 
case if the spark travels along the grain of the wood and 
the latter is not specially dried. 

When the lightning leader stroke strikes the top of a 
tree it may therefore find it easier to reach the ground 
by burrowing under the bark through the moist sap 
wood than to continue along the surface of the tree, 
unless this surface is very wet. The damage done in 
this way might be small but for the main heavy-current 
stroke which travels up from earth along the path 
blazed by the leader. Laboratory experiments show 
that pressures of several hundred atmospheres may be 
developed if a heavy-current arc is confined within a 
tube with a bore smaller than the natural cross-section 
of the arc in free air. This is probably the explanation 
of all bursting and shattering effects in semi-conductors. 
The leader stroke blazes a tortuous path along the weak 
spots, joints, and crannies of the structure; the following 
main stroke blasts this confined path to more reasonable 
dimensions. 

(ii) Damage to buildings. 

Lightning damage to buildings* is a subject on which 
there is an extensive literature. The fundamental 
principle of protection is to provide means for the 
discharge to reach the ground without passing through 
a bad conductor such as wood, brick, stone, or concrete. 
This is the function of the lightning conductor. 

It is of course by no means unknown for a lightning 
flash to miss the lightning conductor altogether. A more 
common occurrence is for a ” side flash ” to occur from 
the lightning conductor to a nearby metal roof gutter, 
or to a girder, water pipe, or gas pipe inside the building. 
Such side flashing is primarily due to the ohmic drop in 
the earth of the conductor, and to the surge impedance 
of the conductor itself; 10 ohms resistance in the earth 
and a current of 50 000 amperes in the conductor means 
that the potential of the conductor relative to its earthed 
surroundings is 500 000 volts. All heavy metalwork 
in a building should be solidly bonded. Lightning 
strokes falling on reinforced-concrete buildings having 
loosely-bonded reinforcing rods are liable to cause bad 
cracks at points where beams and floor slabs are joined 
to their supports.' The cost of proper lightning protection 
for a building is very considerable, and it certainly would 
not pay to protect all buildings, because the annual upkeep 
and interest charges would be many times greater than 
the annual cost of lightning damage to the community. 
In many cases insurance is a cheaper proposition. 

(iii) Oil-tank fires. 

In April, 1926, lightning caused the destruction of 
9 million barrels of oil storage in California. It is 
believed that this great fire was started by a small 
induced spark between two badly-bonded portions of 
a tank lid, which ignited explosive oil vapours. The 
best method of preventing such oil-tank firesf is to make 
the tanks gas-tight. A committee of the American Petro- 

* See Reference (SS). 


t Ibid., (32). 


t Ibid., (34). 
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leum Institute found that lightning was the cause of 
55 per cent of all oil-tank fires, but that gas-tight 
all-steel tanks were practically immune. This is borne 
out by experience with gasometers. Existing reservoirs 
with wooden lids can be protected by " divertor towers ” 
about 150 to 200 ft. high to take direct strokes, together 
with a network of earth wires stretched about 10 ft. 
above the tank lid to prevent induced sparks. 

(iv) Damage to aircraft. 

Some very interesting lightning problems occur in 
connection with aircraft.* Ten cases are known of 
British aeroplanes having been struck by lightning. 
In 9 out of the 10 cases the wireless aerial was hanging 
down and was damaged. In 6 of these cases the 
flash passed to the aerial through the fuselage from a 
wing tip or the propeller. Only one case is on record 
of a plane being struck with its aerial wound in. After 
an aeroplane has been struck its compass usually becomes 
deranged, owing to steel parts in its vicinity being 
magnetized. If these parts are movable, large variable 
errors will result. In several cases the engine of an 
aeroplane struck by lightning has become irregular; 
this is probably due to some damage in the ignition 
circuits or to demagnetization of the magnetos. 

When an aeroplane or airship is flown through the 
intense electric field of a thundercloud the metal parts 
of the machine, unless bonded together, will acquire very 
different potentials, and shocks will be experienced by 
persons inside the aircraft when they touch and leave go 
of metal objects. A very graphic account of this pheno¬ 
menon has been given bya German Zeppelin commanderf 
who was compelled to fly through a thunderstorm on 
his way back from a raid over England during the War. 

Moored kite balloons are particularly troubled by 
phenomena of tliis nature. A kite balloon is connected 
to the ground through a metal cable and is therefore at 
earth potential; the air in its vicinity is, however, at a 
considerable potential to earth. The fine-weather field 
is of the order of 100 volts per metre, so that the air 
at 1 000 metres will be at a potential of 100 000 volts 
to earth and therefore to the balloon. If storm clouds 
are near, this potential difference will be greatly increased 
and brush discharges will pass from the balloon to the 
air. When the balloon is wet these discharges may 
start from the fabric and set tire balloon on fire. Manned 
kite balloons are therefore unsafe when there is any 
lightning in the vicinity. 

(v) Effect of lightning on living creatures. 

Direct strokes will not be considered here, since it is 
unlikely that any living creature can survive the close 
proximity of a 50 000-ampere arc. The less-direct 
effects are more interesting. The phenomenon known 
as St. Elmo's fire has already been mentioned. In the 
intense field at the top of a mountain this discharge is 
observed from metallic objects carried on the person, 
although the currents flowing are usually hardly per¬ 
ceptible. These currents are, however, greatly intensi¬ 
fied in the vicinity of a lightning leader stroke moving 
towards the earth. The sudden increase in these point- 
discharge currents due to a nearby leader stroke is, in 

'*■ See Reference (35). -j- Ibid., (36). 


the author’s opinion, the explanation of many curious 
shocks received from metal tools and domestic utensils 
when a flash strikes close by. This effect must not be 
confused with shocks due to the release of an induced 
charge on an object due to a flash perhaps half a mile 
away; induced shocks proceed only from objects of 
considerable electrostatic capacitance such as an 
unearthed wireless aerial or a surveyor’s chain. 

Earth currents can be a source of great danger. If 
a current of 50 000 amperes enters the soil at a point 
and spreads out uniformly in all directions the current 
density, and hence the voltage-drop, along the ground 
surface will be appreciable even at a considerable 
distance from the flash. The furrows which sometimes 
radiate from the point actually struck show that the 
voltage-drop may be sufficient to produce actual dis¬ 
charges through the soil. The voltage between two 
points on the earth separated by the length of an animal’s 
stride may therefore be quite sufficient to pass an 
appreciable current up one leg and down the other. 
There are many cases of cattle-killing which can be 
explained in no other manner. When 126 sheep out 
of a flock of 162 are Idlled by a single flash it is hardly 
conceivable that they were all hit by the main channel. 

Another danger to cattle arises from wire fences. 
A wire carried on the top of wooden posts 4 ft. high is 
fairly well insulated and, if struck, will probably rise 
to a high voltage for a considerable distance on each 
side of the stroke. Cattle leaning against ,such a fence 
may therefore be killed. In the same way telephone 
lines can introduce a dangerous voltage into dwellings. 

There are several well-authenticated cases of lightning 
striking a pond or river and killing fishes therein. At 
first the author was considerably puzzled by this fact, 
since the current which could be passed through a fish 
in water seemed to be too small to be lethal. Appar¬ 
ently, however, the current required to kill a fish is 
fairly small, because the large South American electric 
eel which gives a shock of about 7 amperes at 16 volts 
kills all fishes witliin about a yard of' itself. Lightning 
currents are of course much greater than this, even 
under water, so that perhaps the killing of fishes is not 
so surprising. It is also possible that the explosion wave 
radiating in the water from the point struck may have 
something to do with the matter. It is of course quite 
easy to produce luminous discharges in clean water by 
means of an impulsive voltage. 

(f) Ball and Bead Lightning 

Ball lightning is sometimes regarded as a subjective 
phenomenon. Although the accounts of many eye¬ 
witnesses are undoubtedly imaginative,* there is a mass 
of evidence to show that it really does occur. Recently 
Dr. Walther Brand of Marburg collected some 600 
accounts of ball lightning, of which 215 were sufficiently 
detailed to inspire confidence in their accuracy. From 
these 216 accounts Dr. Brandf deduced the principal 
characteristics of the phenomenon. A translation of his 
summary is given below. 

(i) Ball lightning (also termed a fireball or thunder- 
boh) is a ball-shaped (occasionally pear-shaped) elec- 

* Some curious stories will be found in Camille Flammarion’s “ Thunder and 
Lightning’’(Chatto and Windus, 1906). 

•f “ Ball I,ightning” (Hamburg, 1023). 
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trical discharge of long duration which occurs occasion¬ 
ally during thunderstorms. Ball lightning occurs most 
frequently towards the end of a thunderstorm and is 
more frequent in winter. Its activity is less than that 
of ribbon lightning. 

(ii) Ball lightning generally appears as a red luminous 
ball of 10-20 cm. diameter surrounded by a blue contrast 
region and with a hazy outline. The balls may, how¬ 
ever, be a blinding white and the outline is sometimes 
quite sharp. 

(iii) A hissing, humming, or fluttering noise is usually 
heard. 

(iv) On disappearing, fireballs often leave a sharp¬ 
smelling mist, which appears brown by transmitted 
light, blue by reflected light, and white when the air is 
saturated. 

(v) The duration of the phenomenon varies from a 
fraction of a second to several minutes. The most 
usual duration is S-fl sec. 

(vi) A fireball may appear by descending out of the 
base of a cloud; it may also form as a floating ball, in 
free air or attached to some object. Very often ball 
lightning is preceded by an ordinary lightning flash, in 
wliich case the ball appears at or close to the point 
struck; this initial flash is, however, often absent. 

(vii) Fireballs may disappear silently, with a mild 
crack, or with a blinding explosion—when a number of 
short streamers shoot out of the ball in all directions. 
Occasionally the ball is extinguished by an ordinary 
lightning flash striking it. 

(viii) The velocity of a fireball which falls from the 
cloud base to the ground is very considerable (transition 
to ordinary lightning); close to the ground or in closed 
rooms fireballs usually move at about 2 metres per sec. 
A fireball may remain stationary for a time and an 
" attached ” {aufsitzende) fireball can remain, boiling 
and emitting sparks, in its initial position until it dis¬ 
appears (transition to St. Ehno’s fire). Sometimes a 
fireball appears to be moved by an air current, but in 
general its movement is independent of the wind. 

(ix) Occasionally several fireballs appear round a 
place which has been struck by ordinary lightning. A 
single large fireball may burst into several smaller ones. 
Very occasionally two balls appear one above the other, 
bound together by a string of smaller balls, or such a 
string may appear attached to a single fireball [transition 
to true bead lightning (^^er&cAwwr blitz)]. 

(x) " Floating " [freischwebende] and " attached ” 
[aufsitzende] fireballs appear to behave quite difierently, 
although they can change into one another. Floating 
balls suggest a discharge of high voltage and small 
current; attached balls suggest a discharge of lower 
voltage but large current. 

(xi) “ Floating ” fireballs have the red colour of 
meteorite tracks in the lower atmosphere. They shun 
good conductors and generally choose a path through 
the air. They are attracted towards closed spaces 
(i.e. houses) which they enter through the open window 
or door, sometimes even through small cracks; the 
chimney, with its conducting but non-inductive gases, 
is a favourite path, so that fireballs frequently appear 
in the kitchen from out of the fireplace. After circling 
the room several times the fireball leaves by some air 


path, often the one by which it entered. Floating ball 
lightning is not dangerous to human beings even when 
it appears in the middle of a group of persons; it appears 
to avoid them like it avoids good conductors. Occa¬ 
sionally a fireball makes two or three vertical oscillatory 
movements with an amplitude from a few centimetres 
to several metres. When these vertical oscillations are 
combined with a translatory motion the ball appears 
to progress in hops. Often the motion is confined to a 
single descent from the clouds to within a few metres 
above ground, followed by an immediate re-ascent. 

(xii) " Attached ” fireballs are of a blinding brilliance 
and white or blue in colour. They attach themselves 
to good conductors, preferring the highest points, or 
roll along such conductors (e.g. roof gutters). They 
heat the objects to which they are attached or along 
which they roll. They cause severe burns on the human 
body when they move over it (occasionally under the 
clothes) and produce lethal effects. 

(xiii) The transformation of a “ floating ” into an 
“attached” fireball usually occurs by its maldng a dart 
to- a good conductor in the vicinity. On touching the 
conductor it may either disappear, quietly or with an 
explosion, or it may continue as an “ attached ” fireball. 
Fireballs which fall from the clouds usually hit the 
ground and explode. 

(xiv) The transformation of an " attached ” into a 
“ floating ” fireball occurs by the ball simply rising from 
its support and floating upwards, usually along an 
inclined path, towards the clouds. In general such balls 
are extinguished very shortly afterwards. 

No satisfactory theory of ball lightning has so far 
been developed. As the phenomenon cannot be ob¬ 
served at will it is likely to remain a mystery for some 
time to come. The most reasonable speculation is 
probably that of Prof. W. M. Thornton—^that a fireball 
is a mass of ozone produced by the discharge, which 
suddenly reverts to oxygen with explosive violence.* 
Other theories are discussed in Brand’s book and in a 
series of papers by E. Matliias.t 

Bead lightning is a relatively well-known phenomenon. 
A recent letter published in NatureX states that in one 
case 20 to 30 beads about 3 inches in diameter and, 
spaced about 2 ft. apart lasted about half a second after 
an intense flash. This account is typical. 

(2) THE ELEMENTARY THEORY OF DIRECT 
STROKES TO TRANSMISSION CIRCUITS 

(a) The Surge Impedance of the Lightning 

Channel 

An estimate of the voltage set up on a transmission 
line by a direct lightning stroke can only be arrived at 
by making certain assumptions regarding the electrical 
characteristics of the stroke itself. A lightning stroke 
forms an ionized conducting channel extending upwards 
from the point struck. In one of the earliest papers on 
direct strokes Fortescue§ treated the lightning stroke as, 
a conductor of 200 ohms surge impedance along which 
the lightning “ wave ” travelled from the cloud down 
to the line [Fig. 6(a)]. When a wave of amplitude Eq 
moving along a line of surge impedance arrives at, 

* See Reference (37). t Ibid., (38). 

t Nature, 1936, vol. 137, p. 113. § See Reference (39). 
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■a junction of surge impedance Zj, the voltage E and 
current I produced at the junction are 


E 


9 ^ 

« 

_2 

Zq + Zj 


-E/n 


( 1 ) 


On Fortescue’s theory these equations give the voltage 
and current impressed on a surge impedance Zj by a 
lightning stroke of potential Eq and surge impedance Zq. 

If, however, we adopt Schonland’s view, the leader 
channel which makes the initial contact with the system 
is already charged to the potential Eq, so that when 
contact occurs a discharge wave (the return stroke) 
flows upwards from the ground towards the cloud. The 
analogy which suggests itself is that of a cable of surge 
impedance Z^ and charged to a voltage Eq suddenly 
closed on to the surge impedance Zj of the object struck 
[Fig. 6(6)]. The voltage E at the junction is then the 



la) (6) 


Fig. 6 


difference of E^ and the reflected wave e^, while the 
current is the same in the cable and in Z^. This gives 

I = E/Zj - e,IZ„ 


whence 


E = 




= ZJ 




1 


E, 


Zj -j- Zq 


( 2 ) 


For given impedances and a given current 1 entering 
the system the channel potential Eq is twice as great 
on this second hypothesis. The simplest method of 
avoiding any confusion is to assume the value of the 
current I which enters the system from the stroke; the 
potential at the point struck is then Zjl on either 
hypothesis. The disadvantage of this method is that 
it is fairly certain that the stroke current is not inde¬ 
pendent of the impedance of the object on which the 
stroke falls. 

An alternative method is as follows : Suppose that 
the stroke falls on a ground of zero resistance (Zj = 0); 
the channel potential is then -|Zq7j, on the first h 5 q)othesis 
and ZqJ^ on the second. Inserting these values of Eq 
in the corresponding voltage equations, we get, on 
■either hypothesis, 


E 


Zj + Zo 


1 


z. 


Zj + Zj, 


In 


(3) 


where Ig is the current which would flow if the stroke 
fell to a ground of zero resistance, and is thus a measure 
of the strength of the stroke. An estimate of the surge 
impedance Zq of the lightning channel can be obtained 
from the formula given in Appendix II for the electro¬ 
static capacitance of a vertical wire (length I, diameter 
2r). In the case of a loss-free line the product of the 
inductance L and the capacitance 0 per unit length is 
equal to the square of the reciprocal of the velocity of 
light (c). Hence the surge impedance ^/{L/C) is equal 
to l/(cC'). In this way we get 



Taking I — 10® cm., r ~ 10 cm., the surge impedance 
Zq comes out at 600 ohms. Estimates found in the 
literature vary from 200 to 600 ohms. 

This method of treating the matter is of course open to 
serious criticism. A surge impedance calculated in this 
way is essentially the characteristic of a loss-free line 
along which waves are propagated with the speed of 
light. The lightning channel has in all probability quite 
a high resistance per unit length, and from Schonland's 
observations the velocity of propagation of the return 
stroke is considerably less than the velocity of light. 
While it is easier to criticize the method than to suggest 
a better one, it is well to recognize its uncertain basis. 

The channel voltage Eq which it is necessary to assume 
in order to account for observed discharge currents may 
be found by supposing the stroke to occur to a ground 
of negligible impedance. With a current of 100 000 
amperes the channel voltage will lie between 10 and 
60 million volts, according to the value selected for the 
surge impedance. 


(b) Stroke to a Tow^er or Lightning Conductor 

Suppose that the lightning channel terminates on a 
vertical conductor of height h and surge impedance Z, 
with an earth resistance R. The wave entering the top 
of the conductor [junction (0)] from the lightning 
channel at time if = 0 will have the amplitude 


E 


ZiZq 


In 





This wave travels down the tower to earth [junction (1)], 
where it undergoes partial reflection. The reflected 
wave has the amplitude aE, where 


R — Zj 

R + z^ 


(< 5 ) 


The wave aE travels upwards along the tower, reaching 
the top at the instant t — 2hlv, where v is the velocity 
of waves along the tower. At the top of the tower the 
wave aE undergoes partial reflection, the amplitude of 
the reflected wave being oiaE, where 


Zq -h Zj 



The voltage at the top of the tower after the arrival of 
the first wave reflected from the ground is the sum of 
the original wave E and the refracted portion of the 
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wave aE arriving from the ground. 
^aE, where 

Zq + 


The latter is 

... ( 8 ) 


The wave (x.aE travels down to the ground, is reflected 
as aoiaE, arrives at the tower top at time t = 4/j/u, 
and produces there the voltage increment {^a) xiccaE). 
Continuing the argument for any number of successive 
reflections, we get, for the voltage at the top of the 
tower, the value 


e 


Zi+Zo " 



2h 


4:h 


Qh 

-f ...) 



-baa 


— 

V 


V 


V 



the terms 2hlv, 4Jilv, etc., denoting that the corresponding 
waves only come into the calculation after the lapse of 
these times. The sum to infinity of the series with 
the round brackets is 1/(1 — act), so that the final 
voltage attained is 


e 


QO 


_Mo_j (i _ ^ 

Z-j^+ Zq^\ 1 — act/ 


. ( 10 ) 


On substituting from equations (5) to (8), it will be found 
that the final voltage is 

This is simply the ohmic drop produced by the given 
lightning stroke Ig in an earth of resistance R. It is 
interesting to see after what lapse of time the reflections 
up and down the tower cease to be of importance. 

Suppose that the tower is a steel cylinder 30 metres 
high and 2 metres in diameter, with a surge impedance 
[by equation (4)] of 150 ohms and an earth resistance 
of 10 ohms. With^Q = 500 ohms we have a = — 0-876, 
a = 0-538, ^=1-54, aa =-0-471, ccjS = - 1-35. 
The time 2hlv taken by the wave to travel twice the 
height of the tower at a velocity of 3 X 10- metres per 
sec. is 0 - 2 microsecond. Hence 

e = 1154(1-0 - 1-35|0-2| + 0-635|0-4l 

- 0-299|0-6| + 0-14l|0-8| - . . •) 

The values of e at various times after the start of the 
initial rectangular wave are given in Table 1. 

The time variation of tower-top potential for O/oo 
and 1/50 microsecond waves is plotted in Fig. 7. It 
will be seen that the steady state e = IR [equation (11)] 
is approached by a 2-5-million cycle oscillation which 
is damped out within 1-5 microseconds. At all times 
greater than this the surge impedance of the tower can 


out and the tower surge impedance has even less influ¬ 
ence. This justifies its entire neglect in the following 
approximate calculations of lightning voltages on 
transmission lines. 

(c) Stroke to a Tower without Overhead Earth 

Wire 

Suppose that a direct stroke of maximum current I 
occurs to the top of a tower supporting a 3-phase line- 
without earth wire. One of the conductors of such a. 



line is always at a positive potential to earth between 

Et 

and 1 times •\/2 • (peak), where = r.m.s. line 

'Y u 

voltage. The maximum negative potential attained by 
the tower is IR] the voltage across the insulators is the 
sum of the conductor and tower potentials, and spark- 
over will occur if this sum exceeds the impulse sparkover 
voltage V of the insulators. Thus sparkover cannot 
occur if 

IR<V- V2~ .... (12) 

and sparkover is certain to occur if 

- 

Suppose, for example, that the line operates at 132 kV 
and is insulated with 9 cap-and-pin type units of 6 in. 


' Table 1 


Time, microseconds 

0-1 

0-3 

0-5 

0-7 

0-9 

1-1 

1-3 

1-5 - 

1-7 

Sum of terms in bracket 
Tower-top voltage ratio 

1-0 

-0-35 

+ 0-285 

-0-014 

+ 0-127 

+ 0-061 

-1-0-092 

+ 0-078 

+ 0-085 

elilR) 

11-8 

-4-11 

+ 3-36 

-0-165 

+ 1-5- 

+ 0-72 

+ 1-08 

+ 0-92 

-f-1 ■ 0 


be ignored, the tower potential being given by equa¬ 
tion (11). If the stroke surge impedance is lower or 
the earth resistance higher than we have assumed, then 
the decay of the oscillation will be more rapid. With 
a sloping wave-front all voltage-changes are smoothed 


pitch, with a gap of 40 in. between arcing horns. The 
minimum impulse sparkover voltage of such a string 
on a positive 1/60 microsecond wave is about 650 kV 
(peak).* Flashover w;ill then not occur if IR < 642 kV, 

* See Reference (40). 




14 


GOODLET: 


LIGHTNING 


and is certain to occur if IR > 596 kV. The correspond¬ 
ing stroke currents for various values of footing resistance 
are given in Table 2. 

This simple example shows the enormous importance of 
tower footing resistance in the case of strokes to a tower. 
Reducing the tower footing resistance on the above line 
from 10 to 6 ohms is almost as effective as doubling the 
line insulation. 

Suppose now that the ■ footing resistance is, say, 
30 ohms. On a severe stroke sparkover will then occur 
from the tower to the most positive line wire when the 
instantaneous lightning current in the tower is between 
18 and 20 kA.*^ The potential of the tower after this 
fault must be calculated on the assumption that half 
the self surge impedance of the faulted wire is in 
parallel with the footing resistance. The new equivalent 
footing resistance is therefore 


^ 


hi 


11 


-f 2R 


. . . (14) 


If Zjj, = 500 ohms tlie equivalent footing resistance 
will be 26-8 ohms, and the tower potential at the instant 
of sparkover will fall from (696/542) kV to (634/485) kV. 
This is the initial amplitude of the voltage wave 
propagated in both directions away from the fault along 


and sparkover to this conductor will occur if this voltage 
exceeds the insulator sparkover voltage, i.e. if 

V — V 

> j-^Tk. 


The potential v of the second conductor will be between 
1 E 

^ —..— according as the potential of the first con- 
'\J2 -y/S 

ductor was half or full phase voltage to earth. The 
tower currents corresponding to these limits which will 
fault a second conductor are 26-8 and 32*8 kA. Spark¬ 
over to the third conductor may develop in the same 
manner. 

(d) Stroke to a Line Conductor 

If the stroke terminates on a conductor the total 
stroke current will divide, one half going off in each 
direction along the line. If 1 is the stroke current the 
voltage at the point struck is 


E = \Z1 = 




-In 


Z -b 2^0 


(18) 


where Z is the self surge impedance of the faulted con¬ 
ductor. The space variation of the wave sent out 
along the line will correspond to the time variation of 


Table 2 


Footing resistance R, ohms 


Maximum stroke current!, kiloamperes 


for no flashover 
for certain flashover 


5 

10 

20 

30 

50 

108 

64 

27 

18 

10-8 

119 

69 

30 

20 

11-9 


the faulted conductor (1). Now the voltage wave e-^ 
in the faulted conductor will induce voltage waves 
•eg. Cg in the sound conductors. By equation (61) of 
Appendix III we have 


Gg = ■^2 Ri 

The wave voltages between wires are therefore 


-^^ 21 ) 

ej — 63 == e^(l 


( 10 ) 


where the coupling coefficients K are the values of the 
ratio of the corresponding mutual and self surge impe¬ 
dances or, what is practically the same, of the ratio of 
mutual and self coefficients of potential. On normal 
transmission lines the values of the coupling coefficients 
are usually between 0-1 and 0-3; 0-2 is probably a good 
average figure. The effect of coupling is thus to make 
the wave voltages between phases less than the voltage 
of the faulted phase to earth. 

If the stroke current continues to increase after the first 
flashover, the tower potential will continue to rise. The 
instantaneous voltage between the tower and the next 
most positive wire at potential w is 

Beal{l ~K)-\-v 

* Assuming, for simplicity, that the insulator sparkover voltage on the front 
of the wave is the same as on the tail. 


the voltage at the point struck. The voltage between 
the faulted and sound conductors will be reduced by 
coupling as given by equation (16). If, therefore, tlie 
line is struck close to a tower, so that the conductor 
potentials at the tower and at the point struck are 
practica^y identical, sparkover to the tower will occur 
HE > V, i.e. if 

2F 

I>-y . .(19) 

/j 


or 




Z -|- ^-^ Orr 
^^0 “ 


If F = 660 kV andZjj == 500 ohms, as before, any stroke 
current greater than 2 600 amperes or any earth current 
greater than 3 900 amperes will cause sparkover. Since 
practically all strokes carry greater currents, all strokes 
will cause sparkover. After sparkover to the tower has 
occurred matters will develop in the way discussed in 
the previous Section, it being immaterial whether the 
wire or the tower is struck first once the arc is formed. 

Suppose now that the stroke falls at the centre of a 
span. The voltage gradient along the conductor is 


~ i (20) 

Da; v^l 2v\-diJ ■ ■ • 

If Z = 600 ohms, v = 900 ft. per microsecond, and 
Berger’s figure of 20 kA per microsecond is accepted, 
the maximum possible gradient is 5-65 kV per ft. For 
a span of 900 ft. the potential at mid-span therefore 
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■cannot be more than 5-55 X 450 (or 2 600) kV above 
that at the tower. When the voltage across the insu¬ 
lators is 650 kV the potential at mid-span is 3 150 kV, 
about 80 per cent of which (or 2 520 kV) appears between 
faulted and sound conductors. The conductor spacing 
on a 132-kV line is about 12 ft.; the impulse breakdown 
voltage-gradient of long air-gaps is of the order of 200 
to 300 kV per ft. It is therefore inconceivable that a 
stroke at the centre of the span should produce spark- 
over between conductors there, without also causing 
flashover of the insulators at adjacent tow’^ers. 


Ke) Stroke to a Tower with Overhead Earth Wire 

This case differs from (c) in that in calculating the 
tower potential the waves sent out along the earth ware 
and reflected back from adjacent towers must be con¬ 
sidered. If the surge impedance of the tower is 
neglected the circuit diagram of the tower struck will 
be as shown in Fig. 8(a). The surge impedance of the 
junction for waves arriving from the lightning channel 
is then 


^ ■ /I 2\-i liZ 
^ ~ ~ Z ■]-2R' 


( 21 ) 


The voltage initially impressed on the tower by a stroke 
of current I is 


E = IB 


Z 


BZZr, 


Z -1- 2R ZqZ -f- B(Z + 2Zq) 


-In 


( 22 ) 


A wave of this amplitude is sent out in each direction 
along the earth wire and is reflected at adjacent towers, 



Fig. 8(Z?). The refraction and reflection factors are 
respectively 


Z + 2R 
- Z 


“ Z -\-2R 


(26) 

(27) 


The potential of the faulted tower is best calculated by 
means of the reflection lattice diagram suggested by 
Bewley.* The faulted tower and three neighbours are 
shown in Fig. 9. The initial wave E travels away from 
the faulted tower O to the tower 1, where it is reflected 
as the wave aE and transmitted into the next span as 
the wave hE. The reflected wave arrives back at O 
after time 2Sjv, and produces there the voltage af^E. 
The course and effect of the other waves can be easily 



"the reflected waves arriving back at. the faulted tower 
after times 2Slv, 4:8jv, (58Jv, etc. (8 — span, v = velocity). 
For waves arriving along the earth wire the impedance 
•of the struck tower-junction is 



1 m i 4. ir" = ^^0^ 

r'^Z~^zJ ZqZ + R{Zq- i-Z) 


(23) 


The voltage produced by a unit wave at the junction 
being 2Zjl{Z + Zj), and since two equal reflected waves 
arrive simultaneously at the tower from opposite direc¬ 
tions, the total voltage produced will be twice that of 
one wave. If, therefore, we use a refraction factor 
/3 = 4Zjj{Z Zj) we need only consider waves arriving 
from one direction. Thus 


Z^Z+R{2Zq+Z) ' 

The corresponding reflection factor (^ — 1) is 

2RZq~Z{E + Zq) 

“ ZqZ + R(2Zq -fZ) ■ 


(24) 



The circuit diagram of the adjacent towers is shown in 


followed from the diagram. Iii this way the potential 
of the faulted tower is found to be 


IR 


Z 


-{l + al3 


28 


Z + 2R 

-h a^[(6^ -f aa)^ -f 


-j- a^{h^ fl- aa) 

6^ 

V 


V 


+ 




(28) 


Suppose, for example, that, as in Section (2)(c), Z^^ — 500 
ohms, Z = 500 ohms, and i? = 30 ohms. We then 
have 

= 0-2036, a = - 0-7964, b = 0-1071, 
and a — — 0-893 

Hence 

a^ = - 0-1815, (62 -j- aa) = 0-7226, 

(62-j-aa)2 + a2^2 _ O.53O0_ 

The factor Zl{Z + 2R) = - a = 0-893. Hence 


IB X 0-893 1 - 0-1815 


2_S 

V 


0-131 


4*5' 


V 


0-0964 


Q8 


V 


(29) 


* See Reference (41). 
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IR is the potential of the tower without the earth wire, 
and the series therefore represents the reduction in 
tower potential due to its presence. Values of el{lR) 
at different times after the sti'oke are given in Table 3 


wave is 1-35 X 650 (= 880) kV, the current calculated 
from (12) and (30) is 36 000 amperes. The presence of 
the earth wire has thus doubled the lightning strength, 
of the line, at least as regards insulator flashover. If the 


Table 3 


Time, microseconds 

1 

i 

3 

5 

7 

Relative tower potential ef{IR).. 

0*893 

0-73 

0-614 

0-528 


for a span of 900 ft. and a wave velocity of 900 ft. per 
microsecond. 

We can now compare the performance of the assumed 
line with and without earth wire for direct strokes to 
a tower. The first effect of the earth wire is to reduce 
the peak tower potential by some 10 per cent (0-893 
instead of unity). Secondly, the tail of the infinitely 
long lightning wave assumed is sloped, so that the tower 
potential falls to less than two-thirds of its initial peak 
value in 6 microseconds. The change in wave-form 
caused by the earth wire with a 1/50-microsecond stroke 
is shown in Fig. 10. This will increase the insulator 



Fig. 10 

[а] Without earth wire. 

(б) With earth wire. 

sparkover voltage for a given peak potential by some 
35 per cent.* Finally, the coupling between the earth 
wire and line wires will reduce the voltage between 
the latter and the tower. If the potential of tower and 
earth wire is e and the coupling factor between line and 
earth wires is Kg, the voltage between tower and line 
wire at the highest positive potential-u is [e(l — Kg) -f- v\, 
and sparkover will occur when this exceeds the spark- 
over voltage of the insulation. Assuming the latter 
to be the same as before (i.e. neglecting any effect due 
to the steeper wave-tail), the stroke current to produce 
sparkover is increased by the presence of the earth 
wire in the ratio 


1 Z + 2R 
I -Kg' Z 


(30) 


In the given case this factor is 1 -4, so that the maximum 
stroke current which will just not cause flashover is 
increased from 18 000 to 25 000 amperes. If we assume 
that the insulator sparkover voltage on the shorter 


comparison is made on the basis of currents which the 
stroke would produce to an earth of zero resistance, 
the ratio of the currents which will not cause flashover 
with and without the earth wire is 


1 


I -Kg 



2RZq - 

Z{R + z,)_ 


(30a) 


In the given case this ratio is almost the same, i.e. 1 • 39. 


(f) Stroke to Earth Wire at Centre of Span 

If a stroke hits the earth wire in the centre of the 
span the initial voltage produced will be IZI, and a 
wave of this amplitude will travel away to each of tlic 
two adjacent towers and reach them after a time 
SJ{2v). This wave is transmitted into the next span 
with relative amplitude b [equation (26)] and reflected 
with relative amplitude a [equation (27)]; the latter 
wave arrives at mid-.span after a time S/v and is reflected 
back to the tower with amplitude aa, wliere 


a 


ZZ/Q — /j 
^0 + 


. (31) 


The voltage at mid-span due to the arrival of the wav-f,*- 
a is )3a, where 

^ "" 2^VZ .’ 


Continuing this argument up to the instant 3 aS'/v, at 
which the wave h transmitted past tlie arljacent tower 
and reflected from the tower fit spans di.stant returns 
to the point of stroke, we get, for tlie mid-span voltage. 


e^^\Zl 


l-i-ajS 


-|-aa 


2S 


o 0 


3^ 

V 




while the voltage at the adjacent towers is 




2v 


-b aa 


3.S' 


2v 


I O 0 

-(- a“a‘- 


5S 

2t’ 


-j- ah 


IhS 

V 

6;S' 

\2v 


(33) 


the last term in each case being due to the return of t;he 
wave from the second tower down the line. With 
Zq = Z = 500, R == 30, we get B = 1-33, a ~ 0-33, 


b = 0*107, a = - 0-893, = - 1.19, m 

and the tower potential is 


0-29f 


. b 




0*295 


3^ 


2v 


-b (0-087-0-0955) 


2v 


(35) 


The maximum potential attained by the tower is 

Z 




^Z1 .b = IR 


Z -b 2R 


* (36) 


* See Reference (4.0). 


Comparing (35) and (36) with (28), it will be apparent 
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that the maximum tower potential and insulator voltage 
produced by a stroke at mid-span are the same as that 
produced by the same stroke current at the tower, but 
the duration of this potential and voltage in the former 
case is only half as great as in the latter. Values of 
at different times after the stroke are given in 


the clearance between earth and line wires required to 
prevent sparkover will probably not be less than about 
20 ft. This rough calculation makes it quite clear that 
the distance between earth and line wires must be made 
considerably greater at mid-span than at the towers. 
The methods of obtaining this increased clearance are 


Table 4 


Time, microseconds .. 

1 

2 

3 

Relative tower potential ej/(iR) .. ...... .. .... 

0-893 

0-63 

0-554 


Table 4 for a span of 900 ft. and a wave velocity of 
900 ft. per microsecond. 

On comparing Table 4 with Table 3 it will be seen that 
the decay of the tower voltage is considerably more 
rapid when the stroke occurs at mid-span. It is there¬ 
fore safe to conclude that a stroke of current I which 
does not cause insulator flashover when it falls on the 
tower will not cause insulator flashover if it falls on the 
earth wire at mid-span. If the comparison is based on 
strokes of equal current Ig to earth, the insulator voltage 
is actually smaller—^in the given case about 30 per cent 
less—^when the stroke falls at the centre of the span. 

With the same constants the potential of the earth 
wire at mid-span is 


Cq = ^Zl( 1 - 1 • 19 


+ 0-351 


V 


0-117 


3 ^ 


(37) 


Comparing (37) and (36), it will be apparent that the 
maximum voltage between earth and line wires at mid¬ 
span is greater than the maximum insulator voltage at 
the tower in the ratio 


6n 1 Z -j- 2B 

.... (38) 

For the line considered, this ratio is 9-33. Values of 
mid-span voltage at different times are given in Table 5, 
wliile Fig. 11 shows the mid-span voltage for a 1/60 
microsecond stroke. 

Although the mid-span oscillation is heavily damped, 
its initial amplitude is large {^ZIq) for all wave-fronts 
with a duration T less than and is equal to 

— (hZ/lQ - -j for a wave-front T > S/v, assuming perfect 

reflection at the tower. In Section {2){e) it was found 
that the line selected as an example would just with¬ 
stand a 36 000-ampere stroke to a tower. If a stroke 
of equal current and a wave-front of 1 microsecond were 


to string the earth wire with a smaller sag than the line 
wires, and to support the earth wires on vertical exten¬ 
sions of the main tower. 

A considerable reduction of the mid-span voltage can 
be effected by using two earth wires, which also of course 
afford better shielding. For strokes to a tower these 



wires are in parallel, so that their surge impedance— 
and therefore the initial voltage peak—are reduced 
accordingly. To secui-e this condition for strokes 
falling in the span the two earth wires must be cross- 
bonded in the span. If 'suffixes 1 and 2 refer to the two 
earth wires and 3 to a line conductor, we have 

== ^u.ii + 

~ "^ 22^2 .... ( 39 ) 

63 = Z^^i^ 


Table 5 


Time, microseconds ... 

0-5 

1-5 

2-5 

3-5 

Mid-span voltage { ^ 

1-0 

-0-19 

-bO-161 

+ 0-044 

^ *= \eQf{m) . 

9-33 

— 1 - 77 

-I-1-5 

+ 0-41 


to fall on the earth wire at mid-span the peak potential 
of the latter might reach x 600 x 36 (= 9 000) kV, 
and the voltage between earth and' line wires 
0-8 X 9 000(= 7 200) kV, assuming a coupling of 0*2. 
Although for voltage peaks lasting less than 1 micro¬ 
second the sparking gradient is at least 300 kV per ft., 
VoL. 81. 


the Zi^ terms being absent because the wave current 
*3 is zero. With the earth wires in parallel = eg, 
H = h- surge impedance of the two earth 

wires is therefore 

.... (40) 
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while the coupling to the line wire is 

= !3 ^ ^31 + -^32 _ . . ( 41 ) 

e, 

Taking as 600 ohms and a 20 per cent coupling 
between individual wires (i.e. ~ '^32 “ 

ohms), the equivalent surge impedance and coupling 
are 300 ohms and 0 • 33 respectively. The peak voltage 
between wires at mid-span for a 36 000-ampere stroke is 
therefore 

I X 300 X 36(1 - 0-33) = 3 600 kV 

When the wave-front T is greater than the time SJv 
taken by the wave to travel the length of the span, the 

mid-span voltage is reduced in the ratio 

infrequency of mid-span flashovers suggests that stroke 
wave-fronts as short as 1 microsecond must be un¬ 
common. 


able order of magnitude, provided that the tower footing 
resistance is sufficiently low. A line of 900 ft. span 
insulated with -9 cap-and-pin units should be almost 
immune from lightning if all footing resistances are 
below 10 ohms. 

(iii) When an earth wire is present, insulators are 
stressed most highly by strokes to the towers, while 
line clearances are more highly stressed by strokes to 
the earth wire in mid-span. 

(iv) The peak voltage between earth wire and line 
wires for a stroke in mid-span is less than its theoretical 
maximum if the wave-front is greater than the span 
length. The mid-span voltage can be reduced by the 
use of two earth wires, bonded in the span. 

(v) The wave-form of the impulse voltage applied 
to the insulators prior to flashover is similar to the 
applied lightning wave only on lines without earth wires. 
If the stroke occurs to an earth wire the tail of the 
applied wave is considerably shortened, a 1/50 micro¬ 
second wave being converted into something like a 


Line without Overhead Earth Wire 

Insulator voltage for stroke to tower 


Insulator voltage for stroke to line wire 


Table 6 
El 

'' (1 500) 


(12 500) 


E + Zq " 
(1 410) 

^^0 j 

Z + 2Zo ^ 
(8 330) 


Line with Overhead Earth Wire 

Insulator voltage for stroke to tower 


Insulator voltage for stroke to earth wire 
at mid-span 

Voltage between earth and line wires for 
stroke to earth wire at raid-span, or for 
stroke to line wire 


(1 070) 

K) — 

’Z -b 2E 
(1 070) 


(1 - K)IZ1 
(10 000) 


EZZq 

^^^Z^Z -I- E{Z -1- 2^0) " 

(1 020 ) 

2EZZq j 
^^^{Z -b 2Zf^){Z + 2E)° 
(715) 

^^>Z -I- 2Z,^ 

(6 660) 


(g) Conclusions 

To facilitate comparisons the formulae for the peak 
voltages set up in the various cases are given in Table 6, 
in terms both of the actual stroke current (J) and the 
current (I^) which tha same stroke would deliver to a 
zero-resistance earth. 

The figures in brackets are the calculated values of 
these quantities in kilovolts for Z = Zq— 500 ohms, 

= 30 ohms, K = 0*2, and 1 ox Ig — 50 000 amperes. 
The alternating voltage on the conductors has been 
neglected. The conclusions wliich may be drawn from 
the foregoing analysis are as follows:— 

(i) The insulator voltages set up by strokes to a line 
conductor (about 10'^ volts) are of a different order of 
magnitude from those caused by strokes to the towers 
or earth wire (about 10® volts). It is impracticable to 
insulate a line to withstand direct strokes to the line 
conductors without flashover. 

(ii) An overhead earth wire which intercepts all 
direct strokes will reduce insulator voltages to a manage- 


1/6 microsecond wave. This results in an increased 
insulator sparkover volt£ige. After a flashover, all 
wave-forms are very distorted. 

The preceding calculations are intended to show, in 
a general way only, what factors determine the voltage 
produced in a transmission line by a direct stroke. The 
conclusions reached must be accepted with caution, since 
the numerical values assumed for the various constants 
are probably in error and various secondary phenomena 
have been neglected to simplify the argument. It is 
worth wliile considering briefly where assumptions of 
doubtful validity have been made. 

First, the value assumed for the surge impedance of 
the lightning channel—namely 600 ohms—^is almost 
a pure guess, and indeed it may well be that the lightning 
channel cannot be regarded as possessing a surge 
impedance at all. The author will therefore not quarrel 
with a reader who feels that 200, 400, or 600 ohms is 
a better value. 

Secondly, the value assumed for the surge impedance 
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of a line conductor—^namely 600 ohms—is almost 
certainly too high, while the value assumed for the 
coupling between conductors (0‘2) may well be too 
low. It is known that at very high voltages the measured 
surge impedance of a conductor decreases, perhaps even 
to 300 ohms, owing to the increase in the effective 
diameter of the conductor caused by corona; the coupling 
between conductors may be considerably increased 
owing to the same cause. This effect has been ignored 
because its magnitude is difficult to estimate in the 
absence of escperimental data, and because it tends to 
diminish the voltages produced. The calculations given 
thus apply to the worst possible condition, in accordance 
with orthodox engineering tradition. 

Thirdly, the simple theory of travelling waves with 
only a single velocity of propagation has been used 
throughout. With high voltages on the conductors and 
high-resistivity soil, waves of several different velocities 
must occur. The results of the multi-velocity theory 
are not very different from those of the simple theory 
for distances of only a few spans, and the voltages set 
up close to the point struck are therefore almost the 
same on either theory. According to the simple theory, 
however, insulated conductors not involved by the 
flash simply float in the electrostatic field and no free 
travelling waves are induced on them. The multi¬ 
velocity theory shows that such free travelling waves 
can be induced on sound conductors, so that the voltages 
applied to the terminal equipment of the line will be 
different on the two theories. This matter cannot be 
pursued here. 

Readers who wish to make similar calculations for 
their own systems should remember two important 
facts. First, the impulse sparkover voltage of a given 
insulator or air-gap is not constant but varies according 
to the shape of the impulse wave applied. Thus for 
the 9-unit chain with 40-in. horn spacing assumed in 
the examples, the minimum impulse sparkover with 
tower negative is 650 kV for a 1/50-microsecond wave 
but nearly 900 kV for a 1/6-microsecond impulse wave. 
For a stroke to a line wire the line will be negative, and 
slightly different values will apply. If sparkover occurs 
on the front of a wave of Mgh amplitude, still other 
values, varying with the rate of voltage-rise, must be 
employed. Secondly, the resistance of an earth passing 
a large impulse current may be very different from the 
resistance of the same earth measured with a portable 
earth-tester. For consider an earth connection con¬ 
sisting of, say, a 2-in. diameter tube with a buried 
length of 5 ft. The contact surface of the tube is 
1207T sq. in., or 2 430 cm? The mean current density 
for a current of 10 000 amperes is therefore 4-1 amperes 
per cm? The voltage gradient at the tube surface 
in soil of 10 000 ohms/cm., cube resistivity is therefore 
4-1 X 10 (or 41) kV per cm. It is hard to believe that 
soil will support an electric field of this magnitude 
without some kind of disruptive discharge, which will 
lower the effective resistance of the earth. It may 
therefore be expected that the resistance of an earth 
passing a large impulse current will be less than its test 
value, and such experiments as have been made fully 
confirm this view. If the area of the earth electrode is 
made large in order to secure a low resistance, the 


current density and therefore the decrease in resistance 
with a heavy current may not be large; nevertheless, 
lightning voltages calculated on the basis of test values 
of earth resistance are almost certain to be on the 
liigh side. 

(h) General Discussion 

It is believed that rather more than half the direct 
strokes to a line fall on the conductors in the span. The 
final potential of an insulated conductor so struck is 
probably never less than 2 million volts, and may be 
10 times as great. The insulator impulse sparkover 
voltage of the most heavily insulated line yet constructed 
is of the order of 2|- million volts. Wooden poles give 
additional insulation to earth but cannot be relied on 
to withstand more than 100 to 160kV per ft.; even if 
such poles are not shattered it is extremely probable 
that a side flash will occur along the cross-arm to a 
neighbouring conductor, thus involving more than one 
phase. The conclusion that practically every direct 
stroke to a live wire will produce some kind of flash- 
over, irrespective of the line insulation, therefore seems 
inescapable. The only two possible methods of pre¬ 
venting line outages are therefore: (i) To prevent direct 
strokes to line conductors, (ii) To render line flashovers 
innocuous. 

The prevention of direct strokes to the line conductors 
is the function of the overhead earth wire. Single 
earth wrires (as employed on the grid lines) are believed 
to be reasonably effective interceptors, but in order to 
ensure protection in severe lightning areas two earth 
wires, bonded at mid-span and mounted some 16 to 
20 ft. or more above the line conductors, are necessary. 
This construction has been adopted on the 287-kV 
Boulder Dam line* and on several 220-kV lines in 
Russia and elsewhere. It must, however, be emphasized 
that the efficacy of earth-wire protection depends upon 
the footing resistances being so low that the tower 
potential due to the lightning current is less than the 
flashover voltage of the insulators. The lower the 
insulation level of the line the lower must be the footing 
resistance; since the latter cannot be reduced indefinitely, 
it is evident that earth-wire protection will not be 
effective below a certain level of line insulation.-f If 
footing resistances are nearly but not quite low enough, 
a slight increase in the insulation level of the line may 
improve its outage record. 

In order to secure low footing impedance in dry soil 
many modern lines are equipped with a counterpoise. 
This consists of a length of bare cable buried in the 
ground and attached to the foot of the tower. Counter¬ 
poises are termed “ parallel” or " perpendicular” accord¬ 
ing to their direction relative to the line. The complete 
theory of the counterpoise is complexj and many points 
are still uncertain; the main principles are as follows. 
The surge impedance of a bare cable buried in the 
ground, defined as the ratio of instantaneous voltage 
and current obtained from cathode^ray oscillograms, is 

* See Reference (43). , , 

t If jR = 5 ohms as a minimum and 1 — 50 000 amperes, then the tower 
potential (with 20 per cent coupling) will be 200 kV and the maximum insulator 
voltage somewhat greater (221 kV on a 44-kV system). The equivalent of 
3 suspension insulators will therefore be required to prevent flashover. 

1 See Reference (44). 
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initially of the order of 100 to 200 ohms; after a time, 
which is of the order of 2 microseconds for a 200-ft. 
length, the surge impedance falls to a much lower value, 
governed by the resistivity of the soil. A perpendicular 
counterpoise can therefore be treated as a surge impe¬ 
dance in parallel with the tower footing resistance, a 
parallel counterpoise as magnetic coupling to the line 
and earth wires, which makes its beneficial effect slightly 
greater. Each circuit of the new Boulder Dam line is 
equipped with two parallel counterpoises, continuous 
from tower to tower,* 

A most difficult earthing problem arises when trans¬ 
mission towers have to be founded on rock, as frequently 
happens in mountain districts. In such cases it may be 
impossible to obtain low footing resistance even with 
a counterpoise (which is difficult to lay under these 
conditions), and there is certain to be a heavy discharge 
round the base of the tower when the latter is struck; 
the author has heard of such a rock foundation being 
cracked by lightning. 

A recent suggestion is that minor transmission lines 
should be protected by means of lightning diverters, 
i.e. vertical lightning rods of self-supporting design 
erected at intervals along the line. If h-y is the height 
of the diverter and \ that of the live wires, the recom¬ 
mended horizontal interval between diverters is 
8{i^^ — /ig), the diverters being spaced at least 6 metres 
from the trace of the line on the ground. A variant of 
the same idea is to fit ordinary lightning conductors to 
each line pole, projecting some 16 ft, above the top of 
the pole. Lines protected by diverters and lightning 
rods are in service in Russia, but with what success is 
at present unknown. 

The alternative to lightning-proof construction of the 
line is to ensure that lightning flashovers on the line do 
not interrupt the supply. The best-lmown method of 
doing this is of course the Petersen coil, which is in 
general use on the Continent but is less popular in this 
country and the United States. Its merits are, however, 
recognized in a recent American reportt which states 
that, on a 260-mile system operating at 140 kV with 
Petersen-coil protection, over 90 per cent of line-to- 
earth faults and 70 per cent of all faults were cleared 
without interruption of supply.- The other method of 
suppressing line flashovers is the expulsion protective 
gap.j; This consists of a thick-walled fibre tube fitted 
with a plug electrode at one end and a ring electrode at 
the other; the axial distance between these electrodes 
is nnich less inside than along the outside of the tube, 
so that flashover always occurs internally. This tube 
is mounted like an arcing horn on the tower, the ring 
electrode at the open end of the tube being the one 
usually earthed to the tower. When a sufficiently 
high voltage appears .on the line, flashover occurs from 
the line to the plug electrode and thence inside the 
expulsion tube to earth. The arc inside the tube 
liberates gas from the tube walls which, together with 
blast action, promotes rapid deionization at the current 
zero. Expulsion gaps operate satisfactorily only between 
certain current limits, but within these limits are 
capable of rupturing a heavy arc after only one or two 
half-cycles. Although the weathering qualities of the 

* See Reference (<13). t Ibid., (45). t Ibid., (46). 


fibre tube are not very good, expulsion protective gaps 
seem to have proved satisfactory in actual service.* 

If the author may venture a prediction it is that the 
second solution of the lightning problem will prove 
the more popular. Whereas the cost of constructing a 
really lightning-proof line with adequate earth wires is 
very considerable, arc-rupturing devices and lightning 
arresters can be installed on existing unsatisfactory lines. 

The author is indebted to the Metropolitan-Vickers 
Electrical Co„ Ltd., and to Dr. A. P. M. Fleming, C.B.E. 
(Director of Research), for permission to publish this 
paper. Flis thanks are also due to Mr. A. K. Nuttall, 
M.A., who has been kind enough to carry out certain 
tests. 
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APPENDIX I 

The Propagation of Long Sparks and Lightning 

Flashes 

General. 

Observations on long sparks* and lightning flashes f 
have estabhshed beyond reasonable doubt that the ionized 
spark channel is initiated at the point of maximum 
intensity of the field and subsequently elongates, in the 
general direction of the field lines, until it bridges 
between the surface or volume charges producing the 
field. On this view, the time of breakdown or time-lag 
of a spark-gap is simply the time taken by the spark 
channel to travel the required distance. An elongation 
of the spark channel is S 3 monymous with the ionization 
of a corresponding volume of air, and it is therefore 
obvious that propagation can continue only so long as 
the field intensity at the advancing tip of the channel 
remains high enough to produce the required ionization. 
If a small increase Sx in the length of the channel results 
in a decrease of the intensity e at its tip (i.e. if 8e/8x 
is negative) then propagation will very soon cease. 

A good idea of the conditions governing propagation 
is obtained by picturing the spark channel as a straight 
conducting wire advancing in the direction of its axis 
towards a large plane electrode (point-plane gap). If 
the voltage applied between wire and plane is constant, 
the intensity at the tip of the wire will increase as the 
wire advances. The tip intensity can, however, be made 
to decrease, in spite of the approach of the tip to the 
plane, by reducing the voltage at a sufficiently rapid 
rate during the advance. Tliis is the principle of the 
“ suppressed discharges ” of J. J. Torok,J produced by 
arranging for the applied voltage to collapse to zero 
before the spark channel completely bridges between 
the electrodes. The procedure adopted by Torok was 
to apply a high impulse voltage to two spark-gaps 
connected in parallel, one of which—the so-called 
“ chopping ” gap—^being set slightly closer than the 
gap under test. Both gaps commence to break down 
together, but the process is completed first in the 
“chopping" gap with the closer setting; the voltage 
on the test gap therefore collapses before the streamers 
formed in it have time to bridge between the electrodes. 
By adjusting the setting of the chopping gap it is thus 
possible to arrest the streamers in the test gap at any 
stage of their development. 

It seems also possible for suppression of a streamer to 
be brought about by excessive voltage-drop along its 
length. If G is the capacitance of the equivalent wire 
per unit length, v its velocity of advance, and V the 

t Ibid., (21). 


* See Reference (22). 


t Ibid., (48). 
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constant voltage between its tip and the plane, the 
charge which has to be supplied during an elongation 
doc is CYdx, corresponding to a current CYv. Thus if 
G ~ farad, Y = 10® volts, and v — 10^ cm. per 

sec., the charging current of the advancing wire will 
be 10 amperes. If the wire has a high resistance per 
unit length the voltage between tip and plane (which 
governs the tip intensity) will be less than the total 
applied voltage by the amount of the resistance drop 
due to the current in the wire. This suggests that the 
conductivity of the spark channel at any instant must 
have an important influence on its propagation. 

The best-known theory of the propagation of a spark 
channel is that of Simpson,* based oh the relative 
inmiobility of the positive carriers (ions) as compared 
with the negative carriers (electrons) produced by 
impact ionization. If a short length of conducting spark 
channel is situated like a needle in a field of force, influ¬ 
ence charges will be formed at its ends. When the tip 
intensities are sufficient to cause impact ionization the 
negative carriers produced move towards the positive 
end of the channel, leaving behind a residue of immobile 
positive ions which in eflect extend the spark channel; 
at the negative end, however, the immobile positive 
ions cannot move towards the tip while the negative 
carriers move away from it, forming a diffuse cloud and 
so weakening the negative tip-intensity. This mecha¬ 
nism obviously allows propagation of the channel to occur 
only in the direction of the field, i.e. from a positive 
towards a negative charge. Simpson, in fact, denied the 
possibility of a spark channel growing in the opposite 
direction and considered that as branching of a channel 
must occur in the direction of its propagation, i.e. away 
from the seat of positive electricity, such branching 
enabled the positive end of a spark or a lightning flash 
to be identified. Since it is an experimental factf that 
both propagation and branching can occur away from 
the seat of negative charge, it is obvious that Simpson’s 
theory in its original form is untenable. The following 
theory is believed to be original. J 

Theory of Spark Propagation. 

Referring to Fig. 12, let BC be a conducting spark 
channel elongating towards the right. If the channel 
is conducting the intensity inside it must be small; the 
tip B of the channel is therefore defined as the point 
ahead of which the intensity exceeds the value required 
to cause impact ionization in undisturbed air. Suppose 
that the field ahead of the channel tip in the direction 
of motion varies as shown by the curve, i.e. attains 
ionizing value at a point A ahead of the tip B by a 
small distance /S'. Let v be the velocity of advance of 
the channel; and the velocities, in a field of ionizing 
intensity, of carriers of like and unlike sign respectively 
to the electrode from which the channel issues. 

When the edge A of the ionizing field arrives at any 
point in the trajectory of the channel, ion pairs will be 
produced. The ions of unlike sign to the channel will 

* See Reference (3). -I- jud., (9). 

J Note added IWi September, 1936.—This Appendix was sent to Dr. SchoiUand, 
who writes that a less detailed note reaching almost the same conclusions was 
published by him in the Proceedings of the Royal Society of South Africa 
recently. He had no copy to send to the author, who has been unable to obtain 
the Proceedings. This appendix has therefore been left as originally written. 
Dr. Schonland is now preparing a paper on the theory of the lightning flash 
which will be awaited with much interest. 


move towards it with velocity equal to or greater than 
Ug, and enter its tip after a time ^ < Sl{v -f v^. Ions 
of like sign to the channel will move forwards with 
velocity v^. There are now two cases to distinguish, 
according as the channel velocity v is greater or less 
than the velocity of the like ions moving in the same 
direction. 

Case (1). V > —Since the forward velocity of the 
ionizing edge A is greater than the forward velocity of 
the like ions it produces, it is clear that no ions of like 
sign can ever get ahead of A. The time elapsing before 
a like ion produced by A is overtaken by B, is 
^1 ^ ~ %)• If fbe like ions produce others during 

this period the supply should be so copious that A and 
B must be practically coincident and the end of the 
spark channel accordingly very sharply defined. 

Case (2). y < y^.'—Since the forward velocity of the 
ionizing edge A is less than the forward velocity of the 
like ions it produces, these like ions will shoot ahead of 
A until they get into a field of intensity just sufficient 
to move them forward with the channel velocity v. 
These like ions ahead of A will not ionize and will weaken 
the field ahead of the edge A. The ionization in the 
region A—B will be due solely to the ions of unlike sign, 
which pass through this region very quickly. 



C BA 

Fig. 12 

Now it is generally believed that, at least in the initial 
stages of the spark discharge, the negative carriers are 
much more efficient ionizing agents than the positive 
carriers. Let us assume that the positive carriers 
produce no impact ionization whatsoever, so that the 
growth of the channel is entirely maintained by the 
ionizing action of the negative carriers. There are then 
two cases to consider:— 

Positive channel .—Here Vj will be the velocity of 
positive ions in a field of 30 kVper cm., i.e. of the order 
of 10® cm. per sec.* Experimentally-observed channel 
velocities are usually much greater than this, the range 
being from 10® to 10® cm. per sec. For a positive channel, 
therefore, the condition y > y^^ will usually be satisfied; 
the channel will have a sharp well-defined tip and 
ionization will occur by negative carriers in the range 
A—B moving towards the tip, exactly as pictured by 
Simpson. 

Negative channel .—Here will be the velocity of an 

electron in a field of 30 kV per cm., i.e. of the order of 
lO^-lO® cm. per sec. This is well within the range of 
observed channel velocities, so that for a negative 
channel the condition y < y^ is quite likely to occur. 
Since, by hypothesis, no ionization by positive (i.e. 
unlike) ions is permitted, a negative channel can extend 
only as long as the like negative carriers produce 
ionization, which, as shown above, occurs only when 
* See Reference (49). 
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w > Wj, i.e, when the channel velocity exceeds the 
velocity of the negative carrier in the lowest ionizing 
field. 

The difference between the foregoing theory and that 
of Simpson is only that a clear distinction is drawn at 
the start between the propagation velocity of the 
ionized channel and the particle velocity of individual 
carriers entering and leaving that channel. The result 
of this distinction is that a mechanism is found which 
permits the advance of a channel from a seat of negative 
charge—an experimental fact the possibility of which 
Simpson denied. 

Discussion. 

The most important deduction from the foregoing 
theory is that the propagation of a spark channel away 
from a seat of negative charge cannot occur with a 
velocity less than that of an electron in a field of ionizing 
intensity. A single reliable observation of a negative 
spark channel travelling steadily at a smaller velocity 
will make the theory untenable, at least in the simple 
form given above. The first matter is therefore the 


Hawley, and Perry* have, however, published figures 
for the time-lag of spark-gaps subjected to impulse 
voltages, and these figures are analysed in Table 7. The 
experimental procedure was to apply to the gap an 
impulse voltage rising to its maximum value in 10sec. 
and falling to half this value in 60 X 10“® sec. The 
maximum value of this voltage was adjusted until the 
test gap sparked-over on 90 per cent of the applied 
impulses (minimum impulse sparking voltage), and the 
time-lag of sparkover was measured from cathode-ray 
oscillograms of the voltage across the gap. 

The velocities are calculated simply as the ratio of 
gap length to time-lag. It is believed that the spark 
channel always develops from the smaller electrode, so 
that the velocities when the point or sphere is negative 
may be interpreted as the velocities of negative channels. 
On this assumption it will be seen that all negative- 
channel velocities are greater than 10'^ cm. per sec., while 
positive-channel velocities, with one exception, are all 
below this figure. For a given length of gap the negative 
channel travels 2-3 times as fast as the positive channels. 
No observed velocity is, however, as great as 4-4 x 10'^ 


Table 7 


Point-plane gap 

Gap length, cm... 

Point positive {yX'ity® 

Point negative {v^odty* 

Sphere-plane gap 
Gap length, cm. .. 

Sphere positive 
Sphere negative { 


25 

4-2 

0-595 

50 

7-2 

0-695 

75 

10 

0-75 

100 

12-8 XlO-^sec. 

0-78 X 10'^ cm. per sec. 

2-1 

2-2 

2-3 

— X 10-® sec. 

1-19 

2-27 

3-26 

— X 10'^ cm. per sec. 

. 

• 60 

75 

100 

—. 

3-2 

10-2 

14-5 X 10-6 sec. 

— 

1-66 

0-736 

0-69 X 10'^ cm. per sec. 

— 

3-0 

4-0 

5-0 X 10-6 sec. 


1-66 

1-87 

2-0 X 10'^ cm. per sec. 


analysis of existing experimental data from this stand¬ 
point. 

The velocity u of an electron in air at normal atmo¬ 
spheric pressure in a field of ionizing intensity does not 
appear to have been measured, and there is also con¬ 
siderable uncertainty as to its theoretical value. On 
the assumption that the velocity of thermal agitation is 
small compared with the velocity imparted by the field, 
Townsend has deduced the expression 



e 

m 




cm. per sec. 


. ( 42 ) 


where A == mean free path = 6-7 X 10 cm., efm = ratio 
of charge to mass = 5-3 x lO^'^ e.s.u. per gramme, and 
e = field intensity, in e.s.u. per cm. 

For an electron, therefore, 

w = 0'8x 10'^-v/e'cm. per sec. . . (43) 


where e' is the field intensity in kV per cm. The 
critical velocity for a field of 30 kV per cm. is there¬ 
fore 4-4 x 10^ cm. per sec. 

The experimental data on the velocity of spark 
channels are unfortunately very meagre. Allibone, 


cm. per sec., so that on first consideration the theory 
propounded would appear definitely untenable. 

It is, nevertheless, clear that velocities calculated from 
the time-lag of breakdown must be less than the actual 
velocity of the spark channel, since the time-lag includes 
an interval before the channel is formed during which 
the applied voltage is rising, and also the time-interval 
occupied by the return stroke. A reasonable allowance 
for these two intervals does not, however, increase the 
channel velocities to the required figure: but there 
are two other considerations which may explain the 
discrepancy. 

First, it is by no means certain that the figure of 
4-4 x 10'^ cm. per sec. for the critical channel velocity 
is not too liigh. Some experimental figures obtained at 
low pressures and field intensities give an electron 
velocity of 1*5 X 10"^ cm. per sec. when reduced to 
normal pressure and 30 kV per cm., and with this figure 
agreement would appear to be satisfactory. Second, 
the condition u > must be interpreted as referring 
not to the mean velocity but to the instantaneous 
velocity of the spark channel. Recent observations by 

* See Reference (40). 
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Schonland* have proved that the initial lightning leader 
stroke develops in a series of jerks or short steps, the 
propagation velocity over which is of the order of 
10® cm. per sec., while the mean effective velocitv of the 
leader between cloud and ground is only about 
1 • 5 X 10'^ cm. per sec. If a similar effect occurs in the 
spark discharge over smaller distances, the discrepancy 
between observed and theoretical velocities can be 
explained. In the opinion of the author the existing 
data on negative spark-channel velocities are insufficient 


either to prove or to disprove the theory put forward, 
which may therefore be accepted as a basis of discussion, 
pending further experiment. 

In its travel from the edge of the ionizing field A to 
the tip of the channel B (Fig. 12), an electron must 
generate sufficient others to carry the current in the chan¬ 
nel behind the tip. The number of electrons required 
can be estimated as follows:—Suppose that the voltage 
gradient along the channel is 50 volts per cm.; the 
velocity of an electron in this comparatively vrealc field 

•n 1. 1 ® A , „ 

Will be - — • — • where wj (= Fix 10^ cm. per sec.) 

2 m Vi ' ^ ' 

is the velocity of thermal agitation of electrons.f For 
the figures assumed, this electron velocity is about 
2 • 3 X 10^ cm. per sec. If n is the number of electrons per 
cm? the current density in the channel is n- x 1 ■ 6 x 10-2® 


APPENDIX II 


The Capacitance of a Vertical Wire 

The electrostatic capacitance of a wire of length I, 
diameter 2r, in free space is approximately 




I 

r 



e.s.u 


Its potential when carrying unit charge per unit length 
is therefore 


2 



If the wire is hung vertically with one end just not in 
contact with the ground plane, its potential will be 
reduced by the influence of its image below the ground 
plane. 

The potential at the mid-point of the wire at a height 
1/2 above the ground plane due to the image is 


dx 


X 

-^112 


log^ 3 


Table 8 


Height (feet) 


3 

6 

6 

6 

6 

10 

100 

Diam. 2?' (inches) 

* • 

9 

8 

6 

4 

2-75 

3 

0-104 

Ratio 2l/r ., 

• 4 . , , . . . , 

72 

36 

48 

72 

io6 

160 

23 050 

Capacitance (p.p.F)' 

f Calculated 
tMeasured . . 

18-6 

17 

60 

54 

43-5 

43-5 

37-6 

35-7 

32 • 6 
33-3 

48 

48-7 

199 

207 


X 2'3 X 10® X 10 amperes. The current density in 
an aye channel is of the order of 100 amperes per cm?; 
this gives n = 2-72 x 10^®. If a is the ionization 
coefficient, one electron in travelling through d cm. will 
produce others by collision. Thus, if only one 
electron per cm? of channel ionizes, we have = 2 • 72 
X IQi®, <xd = 35-6. 

The value of the ionization coefficient a at normal 
pressure is also somewhat of an unknown quantity. 
Townsend gives y.Jp = 0-055 when e/p = 60 (p = pres¬ 
sure in mm., e = field intensity in volts per cm.), which 
at 760 mm. corresponds to a = 42 in a field of 38 kV 
per cm. In a field of this intensity, therefore, an electron 
must travel a distance of 0-85 cm. to produce the 
required 2-72 x lO^s others. The time required to 
travel 0-85 cm. at the velocity of 5 x 10' cm. per sec., 
corresponding to a field of 38 kV per cm. [equation (2)]’ 
is 1-7 X 10""® sec.. There is no difficulty in finding this 
time when channel and electron are moving in the same 
direction. In the case of a positive channel, where the 
electrons move towards the tip, the time available is 
k = + ^^2) >■ % = 5 X 10’ sec. and S = 1 cm., 

the channel velocity v must not exceed 0-59 x 10’ cm. 
per sec. The assumptions which have to be made 
regarding the magnitude and extent of the tip field in 
order to account for fairly large channel currents a.re 
therefore by no means unreasonable. 

* See Reference (21). .|. (go). 


The potential of the vertical wire is accordingly 


2 

r 2z -] 

log-1 

_ r _ 

- log 3 

and its capacitance is therefore 


C = ~ 

1-11 1 


2 

log-1 

^ T _ 

- 1-09 


To check the validity of this expression the earth 
capacitances of a number of vertical cylinders and wires 
were measured,* care being taken to eliminate irrelevant 
stray capacitances. The measured and calculated 
results are compared in Table 8. 


APPENDIX III 

Waves on Multi-Wire Systemsf 

^ Consider two parallel wires having return image 
circuits in the ground. When the currents in the wires 
are ^ and 4, their flux linkages per unit length are 


</'2 ~ + ^ 22 ^ 



where the L’s are the coefficients of self and mutual 


* By Mr. F. S. Edwards, B.So. 


t See Reference (01). 
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inductance.* Similar^ when the charges on the wires 
are and their potentials are 


= Pll^l + Pl2<^2 

^2 ~ ^ P22^2 


. . (45) 


where the p’s are the coefficients of potential.! Solving 
these equations for the charges, we get 




■^■^ 11^1 "T- ■^'^12^2 


^21^X -^ 22^2 

where = 1 ^ 22 ! -^22 = Piil^> -^^12 


IL 


21 


A 


PxiPx2 

P2'iP22 


P 11 P 22 PX 2 P 2 I 


• (46) 
P2ll^’ 

• (47) 


whence 

(53) 

The sign ^ under the radical gives two numerically 
different velocities, unless the term following it is zero. 
The ± sign outside the radical shows that these velocities 
may be either positive or negative, i.e. that waves may 
travel in both directions along the lines. 

Now the self-inductance of a wire of radius r at a 
height h above the true electrical ground plane (Fig. 13) is 

Ls — 2^1og^ _ _j_ 10“® henry per cm., (54) 

the mutual inductance to the neighbouring circuit being 


and K 22 are the coefficients of capacitance, while 
K -^2 -^21 coefficients of induction. J Neglecting 

resistance and leakage, the induced e.m.f. — 'bc/x/dt 
per unit length wall equal the space rate of change of 
voltage along the wires; and the current leaving unit 
length of wire (— 'dqjdt) will equal the space rate of 
change of current along the wire. Hence 


= 2 logg - X 10-'*’ henry per cm. , ,(65) 

The corresponding self and mutual potential coefficients, 
in (farads )-1 per cm., are 

2h 

A-= 2 log— X 9 X IQii . . . ( 66 ) 


_^ _ r I r ^4 

_ ^ __ 7 - ^4 I r ^4 

~ ^ 21 -^ + ^ 22 ^ 


^4 

D.r 


i K ^ 

cie. 


^ = if, 


■^ 12 ^ 

7:it 

_4 I jr ^ 


(48) 


(49) 


Differentiating the first pair of equations with respect 
to X, the second pair with respect to t, and substituting 
the latter result into the former, we get 


= 2 log I X 9 X lO^i . . . (67) 



. • 


w’here 


(50) 

(51) 


"^11 — -^1 Al + -^12-^21 

•*422 ~ ^ 22^^22 •^ 21'^12 

• 4 i 2 “ ^ 11^12 ^ 12^^22 

4^21 ~ ■^ 22'^21 ■^ 21 '^ 4 i 

Assume the wave solutions = fj_{x — vt), eg = f 2 {x—vt), 
and substitute in equations (7) and (8). Ifdenotes 
double differentiation with respect to a;, we get 


(v2h.j^i _ 1)^'' q_ v^A^2f2 — 0 

v^A2^-fx+.m22-i)r^ = o 

P'or a solution of these equations to exist, the deter¬ 
minant of the coefficients must be zero. This condition 
gives the equation 

v~^- (Hji -}- A22)v~^ + (4ii^22 - A2-^2i) = 0 (52) 
^h^d.,v.QS. ’ t Ibid., (Si). 


Fig. 13 

The meaning of the expression " true electrical ground 
plane ” is as follows. In calculating the capacitance 
and potential coefficients the electrical ground plane 
coincides practically with the surface of the ground, 
because the electrostatic field does not penetrate to any 
extent into the ground; the height h to be used in the 
formulae is therefore the actual mean height of the 
conductor above the ground. The effective electrostatic 
radius of the conductor may, however, be greater -than 
its ac-tual radius owing to the presence of an envelope 
of corona. For the inductance coefficients, however, 
the electrical ground plane will generally be well below 
the actual ground surface because the current penetrates 
a considerable distance into the earth. The height h to 
be used in the formulae is therefore greater than the 
mean height of the conductor above the ground. 

Assuming, first, that the currents are confined to the 
surface of -the -wires, so that the factor in equation (64) 
due to the internal flux is absent; and second, that the 
electric and magnetic ground planes coincide, we can 
write Ls = PsJc^, Tw; = where c is the velocity 

of light (3 X IQio cm. per sec.). Using this relation 
together witli equation (47) to determine the A constants. 
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we find that while Jljg = -^21 = 0 - 

In this case, therefore, equation (53) gives only a single 
velocity of propagation equal to the velocity of light. 
Now 


dt 


V . f{x — vt) — 


•be 
c — 
i)a; 


Substituting this relation into equation (49) and inte¬ 
grating, we get 


In the general case when the electric and magnetic 
ground planes and conductor radii are not identical 
there will be two velocities of propagation, say and 
v^. We therefore write 

h = /ii(^ - '^1^) + /i 2 (^ - ^2^) 

H = / 2 i(® - '^ 1 ^) + / 22 (® “ ^ 2 ^) 
but integrating gives 


"b ^■^12 • ^2 
\ ~ ^^21 • ®1 ^-^22 • ®2 


. ( 68 ) 


The cK coefficients are termed the self and mutual surge 
admittances of the wires. Solving these equations for 
and eg gives 

.. .. (59) 


where 


^ -^ 11 % + ■^ 12^’2 
®2 ~ ■^ 21^1 "b ■^ 22^’2 


■^11 ^22 — ^ 22 /*^' ■^12 — Pl2f^'‘ ^21 — P2ll^ (5^) 


These coefficients are termed the self and mutual surge 
impedances of the wires. 

The foregoing theory is quite general and can easily 
be extended to an n-conductor system. In the simple 
case when there is only one propagation velocity, the 
final result is a system of equations similar to equa¬ 
tion (59), namely 


~ “b ^12^2 "b • • • ^Inin 

®2 ~ •^ 21*1 “f" ‘^ 22'*^*2 "b • • • + • • (61) 

= ■2'nl'ii -f- Zfioio, -j- , . . -f- 

These are the equations in general use for calculating 
waves on multi-conductor systems. 


fiip 

Putting 


we can therefore write 

H = fnix - v^t) -f f^^ix - v^t) ^ ^ 

^2 ~ '^1^) ^2fl2^^ '^2^) 

There are two pairs of coupled waves: one pair— 
and 62 / 22 —moves with velocity v^, while the second pair 
—/22 ^ 2 / 12 —niove with velocity Vg- This result 

suggests some interesting possibilities. Thus suppose 
that 63 is negative and that so that /22 travels 

faster than/jj. The initial wave in conductor (1) is the 
sum of /22 and/ 22 , wave moves,/jg runs ahead 

of/j 2 , forming first a step in the wave-front and finally 
perhaps almost separating from it. In conductor (2) 
the initial wave is the difference of b^fn and 62 / 12 - 
/j 2 moves ahead a negative loop will appear in front of 
the wave, while its peak amplitude may actually increase 
instead of falling. Phenomena of this kind have, in 
fact, been observed.* 


1 * A-t^v-i o 

*>*) = — 

^ 12 %, 2 


Vt) 


^1,2 ~ 


1 — Ai-,v- 


11 "' 1,2 


•^ 12 ^ 1,2 


DISCUSSION BEFORE THE INSTITUTION, 7th JANUARY, 1937 


Sir George Simpson: It is now just over seven 
years since I had the honour of delivering the Kelvin 
Lecture on “ Lightning,"* and, as the author has said, 
a great deal of knowledge about lightning has been 
gathered in the interval. The time is therefore ripe 
for another review of the position. As a meteorologist 
who has devoted a great part of his scientific life to a 
study of atmospheric electricity, I am naturally more 
interested in the first part of the paper, to which I 
propose to confine my remarks. 

Soon after I had delivered the Kelvin Lecture the 
results of the new investigations which the author has 
summarized commenced to come in, and, as he says, the 
result was a marked turning-away from the theory of a 
thunderstorm which I had outlined, to the one pro¬ 
pounded by Prof. C. T. R, Wilson. It was clear that the 
problem of the thunderstorm was not yet solved, and I 
was convinced that it never would be solved so long as 
we were confined to observations made at the earth's 
surface. I therefore set about considering methods of 
measuring the electrical field at all heights within the 
thundercloud itself. As the instruments would have to 
be carried by small balloons, it appeared hopeless to try 
to measure the actual field strengths; but a great deal 

♦ Journal I.E.E., 1929, vol. 67, p. 1269. 


could be done if we could determine the direction of the 
electrical field in different parts of the cloud. This was 
an easier problem, for the principle of pole-finding paper 
could be used. I sketched out a simple form of instru¬ 
ment and asked the staff of Kew Observatory to develop 
the idea, Mr. Scrase, who for a number of years had 
been in charge of the atmospheric-electricity work at 
Kew, took up the new problem with skill and energy, 
and he evolved a simple instrument, called the alti- 
electrograph, which in its later form not only registers 
the direction of the field but also gives a rough idea of its 
intensity. 

During the last 2 years, 70 balloons carrying alti- 
electrographs have been released from Kew Observatory; 
66 of the instruments were recovered, giving 47 satis¬ 
factory records. As the results of our observations set 
at rest several of the problems dealt with by the author, 
I feel that a short description of them should be attached 
to his paper. 

In the first place, the majority of thunderclouds, if 
not all, have a concentration of positive electricity in 
their upper parts and a concentration of negative elec¬ 
tricity in their lower parts; so that the thundercloud 
as a whole is of positive polarity. In the second place, 

* See Reference (61). 
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there occur locally in the lower part of the cloud very 
concentrated masses of positive electricity. These con¬ 
centrations of positive electricity are associated with the 
active centres of the storm from which the heavy rain, 
generally positively charged, falls, and where the 
lightning discharges are most frequent. There appear, 
therefore, to be two factors at work in a thunderstorm: 
one separates positive electricity from negative elec¬ 
tricity in the upper part of the cloud, and the second, 
occurring only in the lower cloud and associated with 
heavy rainfall, causes intense concentration of positive 
electricity in relatively small volumes. 

One’s first inclination is to associate the former factor 
with the process of inductive charging, described by 
Prof. C. T. R. Wilson, and the latter with the process 
of charging by breaking of drops, described by myself. 
This conclusion is supported in the case of the positive 
charges in the lower atmosphere by the fact that they 
occur where the heavy rain and hail give evidence of 
strong ascending currents and where the temperature is 
above the freezing point. 

The Wilson explanation of the separation of electricity 
in the upper portion of the cloud which gives to it its 
positive polarity is, unfortxmately, not so satisfactory. 
In this portion of the cloud, as shown by our observations, 
the temperature is far below the freezing point, and there 
cannot be the rapidly-falling raindrops, with induced 
charges on their upper and lower halves, which Wilson’s 
theory requires. Instead there are ice crystals wliich 
fall very slowly and tend to set themselves in a horizontal 
plane. Even if these crystals were sufficiently con¬ 
ducting to allow of induced charges on their upper and 
lower side, there could be no separation of the electricity 
in the manner described for rapidly-falling raindrops. 
In a paper which is being prepared, we are suggesting 
that the electrical conditions in the upper part of the 
cloud are of the same nature as those found in drift 
snow during blizzards in polar regions, in which strong 
positive fields are also found. 

Mr. E. T. Norris: I suppose that the most important 
feature of lightning research in the last few years has 
been the discovery by Schonland of the stepped leader- 
stroke formation. Unfortunately this discovery has 
not been of much use to engineers, either quantitatively 
or even dimensionally; and the author finds this out when 
he comes to the mathematical part of his paper, where 
he is handicapped very badly by not knowing what 
assumptions to make. Just as the strength of a chain is 
no greater than the strength of its weakest link, so one 
may say that the value of a mathematical study is no 
more than that of the assumptions necessary for it. 
In his mathematical study the author clearly states 
what assumptions he has made, but he does not indicate 
which of those assumptions are probably or possibly 
justifiable, and which are pure supposition; and all three 
cases occur. Virtually the author, spealdng as an 
engineer, tells us to pay very little attention to what he 
has said as a mathematician. 

The characteristic which in the last few years engineers 
have concentrated on as being of most use to them in 
connection with the phenomena of lightning and thunder¬ 
storm formation is the value of the current in the stroke, 
and there have been, all over the world, a large number 


of efforts to measure what this current is. It is an im¬ 
portant point in these investigations that most of the 
results obtained for the current (see page 7) are ex¬ 
pressed in terms of an average or most frequent value. 
The maximum value, if given, is indicated as a freak 
occurrence so rare as to be of no practical importance. 
This seems to me misleading. To take an analogy, if 
we are considering the safety of a small boat on the 
Atlantic and for this purpose are measuring the height 
of the waves, if the maximum is 10 ft. the fact that the 
average wave is only 1 ft. in height is of no importance 
compared with the question how often the 10-ft. wave 
occurs. Similarly, in the case of lightning, if we get a 
current of 200 000 amperes the point that matters to 
the operating engineer is the likelihood of that stroke 
occurring on a given line; not whether it is one among 
1 000 or 100 000 smaller and harmless surges. In other 
words, the maximum current should be expressed not 
in terms of other currents (in which case it usually appears 
sufficiently rare to be negligible), but in terms of time 
and space or, put more practically, in terms of strokes 
per annum per mile of line. 

Dr. F. J. W. Whipple: The development of the work 
at Kew Observatory to which Sir George Simpson 
referred has taken two forms. The more important 
part is the soundings with balloons, by which the sign 
of the gradient of the potential at various heights has 
been determined; but a certain amount of information 
is also to be gleaned from other work which we have 
had in hand on the variation of potential near the ground 
as indicated by the variations in point discharge. What 
has struck me very much in tliis part of the work is 
that the variation in the potential gradient which takes 
place when lightning occurs is not such as one would 
have anticipated. Most of us, thinking of a charged 
cloud and of a discharge to earth, would say that before 
the discharge happens there is probably a very great 
potential gradient. One would expect that near the 
ground that potential gradient would be approaching 
the sparking point, and it had been suggested that the 
sparking point was reached just at the lower part of the 
cloud. We were surprised to find, however, that a 
lightning discharge frequently reverses a potential 
gradient, and that on the other hand it fi-equently 
makes the potential gradient stronger. It may happen 
that before the lightning flash occurs, the potential 
gradient is inappreciable; it is of the order, perhaps, of 
1000 volts per metre. When the flash occurs, the 
potential gradient increases to 3 or 4 times as much as 
before. This seems to me to be a paradox which 
requires explanation. The most common type of flash 
is one in which we have a negative gradient before the 
flash occurs, and this is actually reversed by the flash. 
There were 146 such flashes amongst the 562 flashes 
recorded at Kew in the period of 39 months covered by 
the Table.* The effect can be explained on the hypo¬ 
thesis that the electricity which is coming up from the 
ground—^the induced current which is flowing up from 
all exposed points—produces, in the case where the 
field was negative beforehand, a positive charge in the 
air; when the lightning flash occurs the negative charge 

* “Analysis of Frequency of Lightning Discharges (July, 1932-December, 
1934),” London Meteorological Office Geophysical Memoir No. 68 (1036), p. 12. 
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in the cloud disappears and we are left with a certain 
amount of positive charge in the intervening space, and 
that gives us a positive gradient underneath the cloud. 
Thus if we draw a diagram showing the signs of the 
electrical charges we ought not to confine it to the inside 
of the cloud; there is a great deal of free electricity 
outside the cloud. 

The other point that I wish to make is that we have not 
a steady field of a single sign underneath the cloud; 
continuous changes are going on. It is very seldom that 
the sign of the field in the lively part of the storm remains 
the same for as much as 5 minutes, and therefo;gp the 
cloud has not a single polarity. The double theory 
to which Sir George Simpson has just referred, which 
supposes that there is electrical separation produced by 
two different processes, is most helpful in that it takes 
account of these continuous changes going on as the 
generating power changes and as the cloud drifts along 
overhead. 

Mr. R. A. Watson. Watt: In the years 1922-24 I 
was engaged in experiments by radio methods which 
demonstrated to my complete satisfaction that the base 
of a thundercloud normally had a negative charge and 
that its top normally had a positive charge. I should 
be sorry to have to accept the author’s dictum (page 4) 
that these experiments “ convinced few except the 
experimenters themselves.” The experiments are still 
significant in the present discussion, because they also 
gave a good deal of infomration about the time relation¬ 
ships in the lightning-discharge process, and that infor¬ 
mation is not at all readily reconciled with the 1/50 
standard specification about which Mr. Norris has 
expressed the same nervousness as I myself feel. 

The kind of evidence which I have in mind is this. 
It is obvious that the radiation field of the atmospheric 
is a simple function of the acceleration of the electric 
moment which is destroyed in the lightning flash (the 
moment is twice the charge neutralized multiplied by 
the height through which it is lowered). If we integrate 
this function once, we are presented with a curve against 
time of the product of current and height in the lightning 
stroke; this curve shows that the current maximum is 
reached in a time of the order of a single millisecond— 
not a single microsecond—and I hope that this point 
will be given due weight before the 1-microsecond/ 
50-microsecond standar'd impulse comes to achieve a 
standardized state of assumed infallibility. The inte¬ 
gration can be verified as being appropriate to a lightning 
flash, because if we perform a second integration we 
come to the time curve of destroyed moment and that 
integration brings us into agreement, within a single 
power of 10, with C. T. R. Wilson’s measurements of 
destroyed moment, and so identifies the atmospheric 
of distant origin with considerable certainty as being 
related to a lightning flash of the type directly measured 
at close range by Prof. Wilson. 

I regard Appendix I as an outstanding contribution to 
the subject, of great originality. I refer to the part 
which deals with the mechanism of the discharge stroke, 
and which imports quantitative ideas into the first 
qualitative outline that Sir George Simpson gave us. 

Mr. F. J. Scrase: One point to which I should like 
to refer concerns the electrical conditions between the 


base of a thundercloud and the ground. The author 
mentions the fact that although the field at the base of 
a thundercloud just before a flash can hardly be much 
less than 10 000 volts per cm., yet the field at the ground 
is known to be quite small. A long series of records 
at Kew shows that the field at the ground just before a 
flash is usually less than 100 volts per cm. and that 
it rarely exceeds 200 volts per cm. Prof. Wilson has 
suggested that such a large increase of field with height— 
amounting to something of the order of 30- to 100-fold— 
could be accounted for by the space charge set up 
between the cloud and the ground by ions of one sign 
produced by point discharge at surface objects. Esti¬ 
mates of the space charge obtained from actual measure¬ 
ments of point discharge seem to be of the right order of 
magnitude to produce the large increase of field. More¬ 
over, the existence of the space charge appears to offer 
a satisfactory explanation of the fact that a considerable 
proportion of lightning flashes are accompanied not 
by a mere reduction of field but by a strong reversal. 
Thus there seemed to be good reasons for expecting a 
large increase of field with height to be a frequent 
occurrence below active thunderclouds. It was sur¬ 
prising, therefore, to find that the great majority of our 
soundings showed practically no increase at all between 
the ground and the cloud base. The largest increase 
recorded was barely threefold, and there was no indi¬ 
cation of the intensity of the field at the cloud base 
approaching anything like the sparking value. Our 
failure to detect the large increase up to the cloud base 
may merely indicate that the intense fields at the base 
are extremely localized or that they develop very 
rapidly, in which case the chances of recording them 
by soundings would be small. On the other hand, it is 
possible that the upward current of ions from the ground 
into the cloud is nearly always sufficient to prevent the 
base from reaching the sparking value, and that the 
seat of the intense fields is at a higher level inside the 
clouds. The results of the soundings seem to bear this 
out. 

Dr. E. H. Rayner: It may be useful to recall one of 
the experimental methods that Prof. Wilson used for 
his researches on this subject. He isolated a portion 
of the earth’s surface, about the size of a billiard table, 
and measured its potential relative to the rest of the 
earth. The earth’s surface was allowed to grow grass, 
etc., in normal fashion. One piece of apparatus which 
he used for the purpose was a mercury surface electro¬ 
meter, which works on the principle that if a surface of 
mercury has another liquid, an electrolyte, in contact 
with it, the surface tension of the mercury alters and, 
if the tube is slightly inclined, the alteration of electri¬ 
fication at the surface will cause the mercury to move 
slightly backwards and forwards along the tube. He 
made the mercury itself, by means of photographic 
paper placed underneath it, record its own length along 
the tube. An apparatus of this kind, which gives 
results of fundamental importance, cannot work with 
anjrthing like the quickness which is desirable for a good 
deal of lightning phenomena, and it seems to me that 
it may be worth while to consider applying a cathode- 
ray oscillograph to that t 3 rpe of observation. 

In regard to the author’s model showing a lightning 
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flash between some hills, 1 think that in this case he 
would find a very considerable difference due to change 
of polarity. If we have a point sticking up an inch or 
two from a metal plate and a pointed high-voltage 
conductor above it and a few inches from it sideways, 
we can make the high-voltage discharge—-it may be 1 
or 2 ft. long—go either to the point or to the plate, 
according to the polarity. 

I think that the phase of the lightning disturbance 
that the engineer has to deal with is of a different type 
from that which Mr. Watson Watt mentioned. We 
have to deal with events which happen a good deal 
more quickly than the records that he gets by his very 
beautiful methods. 

The troubles caused by lightning will have to be over¬ 
come somehow, and every country in the world is trying 
to overcome them. In this connection it has occurred 
to me that if, on a length of line which gave trouble 
due to lightning, an overhead guard wire were provided 
in the form of a barbed wire, some effect—good or bad— 
might result. 

Mr. K. J. R. Wilkinson : In calculating the impedance 
of a lightning channel, the author derives expression (4) 
by means which do not appear to me to be justified. 
This expression is based upon the assumption that if 
the capacitance per unit length of conductor be known, 
then a quantity called the surge impedance can be 
derived from the well-known relationship between this 
impedance, the capacitance, and the velocity of light. 
The simple relationship used is true, however, only for 
parallel-conductor pairs which are symmetrical about a 
line or plane parallel to themselves, and is unlikely to 
hold in the present instance where the plane of S 5 mmetry 
is at right angles to the conductor axes. Regarded 
from another standpoint, the expression for the im¬ 
pedance of a vertical conductor should take cognizance 
of radiation. 

The paper contains evidence that neither the growth 
of a lightning channel, nor the speed of the return stroke, 
greatly exceeds one-tenth the velocity of light. I 
would therefore suggest that the capacitance and induc¬ 
tance of the lightnmg channel must play relatively 
unimportant parts in controlling its impedance, and 
that the impedance value is largely settled by ionization 
mechanisms, for which it would be incorrect to apply 
the term " surge impedance.” 

Dr. J. L. Miller: In his verbal summary of the paper 
the author suggested that the characteristic progression 
of the stepped leader stroke discovered by Schonland 
is a consequence of the nature of conditions at its tip. 
This seems to be a satisfactory explanation since, 
amongst other considerations, it probably makes it 
easier to account for the fact that later leaders of the 
same stroke are not stepped. At the same time there 
is an alternative explanation, namely that the pheno¬ 
menon may be due to a cascading effect between various 
regions in the cloud during the formation of the leaders, 
and I should like the author’s views on this point. 

Two very important factors in the paper are the 
effects of the magnitude of the stroke current and of the 
rate of rise of stroke current. The first I have dealt 
with in another discussion.* The second is important 

* See page 43. 


because it may to some extent control tovver-to-line 
flashover and because it has a bearing on the lengths 
of the fronts of the travelling waves on the line con¬ 
ductors and the rates of rise of voltage to which trans¬ 
formers may be subjected. 

I do not completely agree wath the author’s conclusions 
regarding the influence of the rate of rise of lightning 
voltage in relation to the tower height and the tower 
surge-impedance. My criticism essentially is that while 
attention is drawn to the form and duration of the 
tower-top voltage no consideration is given to the mag¬ 
nitude of this voltage. This is evident from Fig. 7, 
where a time scale is given but where no ordinate scale 
is included, so that an important factor like the peak 
at 0-2 microsecond is not revealed. The calculation 
of the maximum tower-top voltage leads, however, to 
interesting results. The calculation can be made in 
various ways. For instance, a rate of current rise of 
40 000 amperes per microsecond (Berger) or a rate of 
voltage rise of 6 000 to 10 000 kV per microsecond can 
be assumed and either of these assumptions can be em¬ 
ployed in conjunction with Fortescue’s, Schonland’s, 
or the author’s theories (page 12), but nevertheless all 
the calculations give voltages of the same order of mag¬ 
nitude. Actually all the answers are of the order of 
350 kV to 700 kV, so that it would appear that low- 
voltage and medium-voltage steel-tower lines may 
flash-over irrespective of the tower footing resistance. 
Towers higher than the 100 ft. assumed (such as at river 
crossings) will be more prone to the effect because of 
the longer time-interval elapsing before the return of the 
reflected wave from the earth to the tower top, and I 
am of the opinion, therefore—and I think the author 
will agree with me—that this mechanism of flashover 
cannot be entirely left out of consideration. I find it 
difficult to see how the effect cannot but occur on lower- 
voltage lines and, although this view is not generally 
held, it may be the explanation for the flashover of 
towers having apparently low earth resistances. 

Regarding the influence of the rate of rise of lightning 
current on the wave-front length of the resultant voltage 
wave on a line conductor, it is well to point out that 
there is some difficulty in reconciling the conflicting 
evidence available. On the one hand there is some 
evidence, obtained by direct methods not involving 
estimation from surges actually measured on the con¬ 
ductors, which shows that stroke wave-fronts persist 
for perhaps 2 or 3 microseconds. (In this connection 
it will be interesting when the discrepancy between the 
microseconds duration of lightning strokes and the 
milliseconds duration found by Mr. Watson Watt for 
atmospherics is cleared up.) On the other hand, both 
on systems without and with earth wires there is also 
evidence indicating the frequent existence of voltage 
waves on the line conductors steeper than 1 microsecond. 

One explanation may simply be that the steeper wave- 
fronts on the lines are after all due to steep-fronted 
lightning strokes and that so far we have not succeeded 
in finding and measuring any of the latter by direct 
means (such as Berger’s); in other words, we have not 
yet obtained sufficient results to correlate the measure¬ 
ments. Another explanation is that the measurements 
are incorrect, although so far as the transmission-line 
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waves are concerned the error is almost certainly on the 
side of making the wave-fronts appear not so steep as 
they really are, because they are usually recorded far 
from the point of incidence and because the inherent 
trend of an oscillograph delay and potentiometer system 
is to give an apparent flattening of the recorded fronts. 

Other explanations, however, suggest themselves. 
For instance, it is easy to correlate the existence of 
steep-fronted waves with slow-fronted strokes in the 
case of lines not having earth wires. The author shows 
that the maximum voltage tending to be attained on 
the line when directly struck is of the order of millions 



Fig. A 

Frequency of time-calibration oscillation for all oscillograms, 5 000 kilocycles 
per sec. Transient deflection-sensitivities in (6) and (c) are the same, but the 
sensitivity is different in (a). 

of volts, so that flashover will occur at a voltage which 
is only a fraction of this maximum, and at a time which 
is considerably less than the duration of the stroke 
front. Thus, even if the latter persists for several 
microseconds, the resultant wave-front on the line at 
the point of origin will be very steep. 

The case of lines with earth wires, the formation of 
the wave on the line being due to flashover from a 
stricken tower, gives rise to considerably more specula¬ 
tion, I suggest, however, that the effect may possibly 
be due to the fact that although in many cases the 
voltage at the top of a stricken tower may only rise 
relatively slowly, at the instant of flashover to the line 


the voltage here will rise suddenly because the current 
cannot change suddenly. Further, if it can be assumed 
that the tower has a separate capacitance to earth, the 
efiect may be more pronounced. 

I have illustrated the point experimentally as follows. 
An impulse generator was arranged to deliver a 3-micro¬ 
second-front wave on open circuit. The wave is shown 
in Fig. Ma), and represents the voltage at the top of 
a tower. This voltage was then allowed to flash-over 
across a second spark-gap (which represented the flash- 
over across a line insulator) on to an external resistance 
(one end earthed) of value such that it represented the 
surge impedance of a line. It was then found that the 
sudden change of impedance after the flashover caused 
the voltage wave across the external resistance to have 
a very steep front for a greater part of the total ampli¬ 
tude. This is shown in Fig. A(6). When a small 
condenser having a capacitance of value such that it 
represented the tower capacitance was connected across 
the generator terminals, the form of the wave-front 
across the external resistance was again different. It is 
shown in Fig. A(c). Adjustment of the constants can 
readily make the initial peak in this case merge into the 
main wave, thus giving a steep front for the whole 
amplitude. 

When the generator was changed for one having a 
surge-impedance characteristic, so that possibly the 
lightning stroke was represented more accurately, and 
when still another resistance having one end earthed (to 
represent the tower earth-resistance) and another spark- 
gap were added, the same effect obtained except that 
the voltage corresponding to that shown in Fig. A(&) 
was steep for the whole amplitude. 

I suggest, therefore, that the views I have here put 
forward may be the explanation of a mechanism whereby 
slow-fronted lightning strokes may give rise to steep- 
fronted travelling waves after insulator flashover. 

Mr. W. M. Mordey: Some thirty years ago, I had to 
change a horse tramway in the Transvaal into an electric 
tramway, and I was asked whether I could do anything 
to prevent the very serious effect of lightning, in conse¬ 
quence of which the telegraph, telephone, and electric 
light wires all had to be open-circuited nearly every night 
at certain times of the year. The lightning was so con¬ 
tinuous at these times that one could read quite small 
print without any artificial light. The trouble was 
overcome by fitting the poles with tapered iron finials 
at the top, and taking very great pains to earth those 
finials to the tram rails. This arrangement did away 
entirely with the need for opening the circuits. 

Mr. C. E. Maguire: The salient points that emerge 
from the author's conclusions are that it is impracticable 
to insulate a line to withstand direct strokes on con¬ 
ductors without a flashover, and that an overhead earth 
wire which intercepts all direct strokes will reduce outages, 
provided that the tower footing resistance is sufficiently 
low. The desideratum, therefore, is that the earth wire 
shall be so designed as to intercept direct strokes with 
some degree of certainty, and, all reasonable precautions 
having been taken to ensure the lowest possible tower 
footing resistance, if direct strokes occur, to limit their 
intensity so that the resultant current passing to earth 
shall be reduced. 








GOODLET: LIGHTNING: DISCUSSION 


31 


The author points out, on page 9, that any object 
giving a copious point discharge is particularly liable to 
be struck, and it is therefore not unreasonable to con¬ 
clude that a sharply pointed eai'thed spike mounted on a 
tower does tend to reduce the chance of a direct stroke to 
a line conductor. The point discharge taking place 
continuously during the period of charging of a cloud 
will also have dissipated some of the energy, and there¬ 
fore if a stroke does, nevertheless, occur its intensity will 
be reduced. 

Some 3 years ago a line about 12 miles in length em¬ 
bodying this construction, without a continuous earth 
wire, was erected in Lincolnshire. Though other lines 
not so protected have been subject to insulator flash- 
overs in the same district, this particular line has been 
entirely unaffected. One might carry that theory a 
little further and provide a continuous earth wire with 
barbs along its entire length. The barbs would provide 
many points for dissipation of the charge, and would also 
give some certainty that the earth wire would intercept 
the stroke. 

Mr, E. Kilburn Scott: The virgin soils of Western 
Canada are rich in nitrates and wheat can be cropped 
year after year on them, without putting nitrogenous 
fertilizers into the soil. It is because lightning flashes 
have throughout the ages been fixing the nitrogen of the 
air, and rain has deposited it in the soil. In Norway, 
Germany, and elsewhere, nitrates have been made 
from the air in a similar way in large electric arc furnaces. 
The gas formed in the arc is nitric oxide, and it oxidizes, 
as it cools, to nitrogen dioxide, which is a red-brown 
gas with a pungent smell. 

For many years I have held the opinion that the 
“ balls ” of ball lightning are masses of nitrogen oxides 
formed by the lightning. On various occasions I have 
published the idea, e.g. in a letter in the Yorkshire Post 
of the 20th October, 1923. In this paper under dis¬ 
cussion there are three references to the colour of the 
ball: (1) ball lighting generally appears as a red luminous 
ball; (2) fireballs often leave a sharp-smelling mist, which 
appears brown; (3) floating fireballs have the red colour 
of meteorite tracks in the lower atmosphere. Surely 
these are confirmations. Quite obviously the balls are 
not electric, for the paper says " Floating ball lightning 
is not dangerous to human beings even when it appears 
in the middle of a group ” but later it says “ They heat 
the objects to which they are attached or along which 
they roll. They cause severe burns on the human 
body when they move over it.” I suggest that the 
reference to the sharp-smelling mist and to the action 
of the ball on the body confirm the explanation I have 
suggested, namely that the ball is a mass of nitrogen 
oxides. Yet the author says " No satisfactory theory 
of ball lightning has so far been developed,” and then 
goes on to refer to a speculation of Prof. W. M. Thornton 
” that a fireball is a mass of ozone produced by the dis¬ 
charge.” In other words, Prof. Thornton goes part of 
the way; why not the whole way, I cannot understand, 
for ozone will not explain the colours and will not explain 
the burning effect, whereas nitrogen dioxide does explain 
them both. In the References and in some footnotes 
the author mentions articles and letters which have 
appeared in Nature, but he makes no reference to what 


I maintain is the very reasonable explanation that I 
gave in Nature of the 24th November, 1923.* 

Mr. S. J. Rust suggests that earthquakes may be 
more closely connected with radioactivity than is 
generally accepted, and emanations may increase the 
potential of atmospheric electricity very considerably. 
The following are some interesting side issues on this 
question: (1) Attempts at increasing rainfall, or staving 
off hail, by gunpowder explosions (at which scientists 
have laughed) may be at times partially successful, 
because they upset the electrical equilibrium of the air. 
(2) At the beginning of the War, certain newspapers 
attributed the abnormal rainfall to the firing of cannon, 
but later there was dry weather without cessation of the 
firing. This may be explained if we attribute the rain¬ 
fall to electrical disturbances effective at the beginning 
of operations, but reacting as the cannonading becomes 
habitual. (3) The old country notion that a meteorite 
is a thunderbolt has been ridiculed, but a meteorite 
rushing to earth at a time when an anticyclone has 
given hot dry weather, and an electrified atmosphere, 
may upset the electrical equilibrium sufficiently to 
produce a storm. 

Mr. J. R. Mortlock: The theory postulated by the 
author covers a preponderance of negative strokes; but 
a few months ago McEachronf gathered a large amount 
of information with regard to lightning in general, and, 
as a result of that, he made the statement, based on field- 
measurement figures obtained by Wilson and others, 
that, provided all strokes and not merely strokes to 
transmission lines were considered, the numbers of 
positive and negative discharges were almost equal. 
On that basis there is considerable support for a com¬ 
bination of the two theories. 

I am tr 5 dng to find a simple explanation of why the 
leader stroke is followed by the main stroke, and I 
should like the author’s comments on the suggestion that 
a part of the cloud charge is transferred into the leader 
channel, and that releases the equivalent ground charge 
at the earth’s surface. The latter will start as a brush 
discharge from some point, and eventually leave that 
point to meet the leader stroke in space. This means 
that the current or potential at an earthed point will rise 
slowly -with the growth of the brush discharge, and then 
finally, with the main discharge current or the combining 
of the leader and the main strokes, there will be a rapid 
increase followed by a slow decrease. If this pro¬ 
position is reasonable, it will entail some modification 
of the theory propounded in connection with Fig. 6(6), 
in that this postulates a voltage of definite magnitude 
being suddenly impressed through a switch on to an 
unenergized impedance. At the same time, even if 
the proposed theory is entirely correct it does not pre¬ 
vent the practical application of the information avail¬ 
able, because the two theories [Figs. 6(a) and 6(6)] 
give the same current, and it is on the basis of current 
that the effectiveness of various methods can be assessed. 

A recent paper by Bewleyj; correlated current records 
from many sources and over many years, and related the 

♦ Nature, 1923, vol. 112, p. 760. 

t K. B. McEachron and W. A. McMorris; “ The Lightning Stroke: Mechan¬ 
ism of Discharge,” General Electric Review, 1936, vol. 39, p. 487. 

t L. V. Bewixy: “ Flashovers on Transmission Lines,” Transactions of the 
American I.B.E., 1936, vol. 55, p. 342. 
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magnitude of the current to the frequency of occurrence. 
From such records as these it is possible to assess the 
advantages which can be obtained from lightning pro¬ 
tection. As an illustration, I recently had occasion to 
assess the effectiveness of earth wires run over a 33-kV 
outdoor substation with a clearance of about 6 ft. 
between the busbars and the earth wire and a span of 
200 ft. between earthing points. The figures showed 
that with an earth resistance of 10 ohms the percentage 
of direct strokes which would probably cause a flashover 
to earth on any one phase was 1, with an earth resistance 
of 15 ohms it was 5, and with an earth resistance of 
30 ohms it was 35. The percentage of direct strokes 
which would cause a double phase-to-earth flashover 
was negligible. 

On page 20 the author refers to expulsion gaps as 
being made of fibre. The modem expulsion gap is a 
composite structure, with a fibre liner. Its weathering 
properties are generally satisfactory. 

Sir Charles V. Boys {communicated ); The author 
refers to flashes from the upper side of a thundercloud to 
the clear air above, which have been seen simultaneously 
with the flashes to earth below. I have watched thunder¬ 
storms night and day whenever I have been able for 
about 70 years, and I have seen this type of flash only 
once—^that was about the year 1876 at my old home 
at Wing in Rutland. This was a magnificent display 
and it is sufficiently described in my first letter on 
“ Progressive Lightning."* 

I may perhaps mention that at a meeting of the Phy¬ 
sical Society in 1889 I stated in a discussion on lightningf 
that very commonly the lightning flash was repeated on 
exactly the same path with great rapidity. To my 
surprise this very obvious phenomenon was doubted 
by those present, and this led Dr. Hoffert to waggle a 
camera at the first opportunity and thus obtain his 
famous photograph:!; which confirmed my assertion in 
every particular. 

My next contribution to the study of lightning was 
made in the year 1900, when as the result of a little 
mental arithmetic I concluded I could move a camera 
lens sufficiently quickly to distort the true form of a 
lightning flash by moving it appreciably while the 
lightning was travelling between the cloud and the 
earth, for different parts would be photographed by the 
lens in slightly different positions. But unless the 
true form was known no information would be obtain¬ 
able from the distorted photograph. If, however, two 
lenses were mounted on a wheel so as to move in opposite 
directions the distortions would be opposite in kind and 
the difference double of either in amount, and so the rate 
of travel and direction should be ascertainable. If the 
flash were to travel at the speed of light, even this should 
come within the power of the instrument. I therefore 
made the first instrument myself, but it was not for 28 
years, until I had taken it to Tuxedo Park, New York, 
at the invitation of Mr. Loomis, that I caught my first 
flash. The two images were visibly different in shape 
and I knew that the method was workable. It was 
with a number of these cameras made in S, Africa as 
well as with my original one that Dr. Schonland 

* Nature, lQ2Ci, vol. 118, p. 749. f IMd., 1SS9, vol. 40, p. 71, 

} Proceedings of the Physical Society, 1889, vol. 10, p. 176. 


and those working with him obtained their splendid 
results. 

I then designed the drum camera,* and Mr. Loomis 
had the first made by Messrs. Ross, Ltd. This is of 
much greater power and is preferable in every way to 
the original instrument. Mr, Loomis lent his instru¬ 
ment to the electrical engineers at Pitsfield, and they 
obtained confirmation of Dr, Schonland’s discovery of 
the leader stroke, but by a much clearer photograph than 
any which he had obtained. Fie now has the second 
drum camera made by Ross, and in America they have 
made more on the same system. I am glad that both 
in S. Africa and in America those using these cameras 
have given credit to me by calling them " Boys lightning 
cameras." The present author allowed me to test the 
first drum camera upon his million-volt spark at the 
Metropolitan-Vickers laboratory at Manchester. This I 
wdshed to do, not expecting to find any evidence of the 
time taken to travel the 5 ft. to the ground plate, but 
only to see whether the behaviour of the instrument 
was good. It seemed perfect. So perfect is it that it 
is possible -with this to watch the lightning crawl across 
the sky and to measure its rate of travel. Indeed, even 
if lightning moved several times as fast as light it would 
still appear to be not instantaneous. 

Dr. Schonland's other discoveries of the initial stepped 
leader and the nature and origin of the branches were 
made-with the original form of Boys camera. 

I now have my original camera at my house near 
Andover, but it seems hopeless to get any results there, 
as in the 23 years since I went there I have not seen a 
single compact storm. The lightning is always here, 
there, or anywhere, and there is no direction in which to 
point the camera with any expectation of success. It was 
very different in London, and also at Wing in Rutland. 
It is possible that some member of The Institution wdio 
lives in a favourable locality might like to borrow this 
camera, and I would willingly lend it on the under¬ 
standing that in the event of my death it should be 
passed on to the Science Museum, South Kensington, to 
which I have promised it, to go with the first progressive 
lightning photograph ever taken (Tuxedo, 1928), which 
they now have. 

The author refers to the rare phenomenon of ball 
lightning; what appears to me to be a most important 
observation in connection with this is given in a letter 
to the Daily Mail of the 3rd October, 1936, by Mr. W. 
Morris of Dorstone, Flereford. He had unintentionally 
set a trap for it, and he succeeded in catching and killing 
it! He saw the often-described red-hot ball come down 
and cut a telephone wire, burn the window frame, and 
dive into the water in a water butt, which “ boiled for some 
minutes.” When it was cool enough, he went to see what 
he could find in the butt, and found nothing. The 
importance of this observation is that for the first time, 
so far as I know, a measure of the energy in the red hot 
ball has been roughly found. I have ascertained that 
the ball appeared to be of the size of a large orange, 
and after 20 minutes the water was too hot for Mr. Morris 
to put his hands into it. The amount of water was about 
4 gallons. 

Mr. Goodlet states that " more knowledge of lightning 

* Nature, 1929, vol. 124, p. 64. 
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has been gained in the last seven years than during the 
previous seventy.” I think he indicates clearly enough 
that much of this is the direct result of the use of the 
Boys lightning camera, which ascertains facts apart 
from all theory or imagination. 

Mr. F. E. Lutkin {communicated ): Several speakers 
have referred to the current/time characteristic of each 
stroke of the lightning flash, and it is thought that the 
following remarks may be of interest in this connec¬ 
tion. Photographic records of the wave-form of the 
radiation from lightning flashes (i.e. radio atmospherics) 
made from 1931 onwards at the Radio Research Station, 
Slough, have shown one predominant feature of the 
wave-form to consist of a heavily damped high- 
frequency oscillatory train of some 4-5 cycles in addition 
to the longer-duration pulse mentioned by Mr. Watson 
Watt. Prior to observations made during the summer 
of last year it had been impossible to determine whether 
this train was due to current variation during the dis¬ 
charge process or whether it resulted from oscillations 
impressed on the radiation in course of propagation. 
Some records taken on very near flashes during the 
summer of 1936 do show the presence of this oscillation 
very near the source, and I think the explanation of its 
production to be that the ” return stroke ” really con¬ 
sists itself of successive current pulses up (or down) the 
ionized channel formed by the leader. 

The predominant frequency of this oscillation lies 
between 5 000 and 12 000 cycles per sec. and is of interest 
in connection with the 50-microsecond pulse discussed, 
since repetition of such pulses after a further 50-micro¬ 
second interval would give a 10 000-cycles per sec. 
alternation. Two or three ” cxirrent pulses ” in the 
" stroke ” would remove the discrepancy between the 
10-coulomb ” standard charge conveyed ” and Prof. 
Wilson’s "20 coulombs or more”; further suggestions 
regarding this mechanism will be found in Fig. 14 of 
Reference (14) in the paper. 

It would seem, then, that the engineer must consider 
the effect of some 3 or 4 pulses of " standard dischai'ge 
current ” within a millisecond, not forgetting possible 
additional effects in line or associated equipment resonant 
to about 10 kilocycles per sec. 

Mr. J. E. Taylor {communicated)-. The paper deals 
with a point having an important relation to the physical 
side of the subject, with which I feel impelled to register 
disagreement. The idea is perpetuated that ionization of 
the air at and near the ground level is produced by point 
discharges from ground objects in the electric field of a 
thundercloud. Is there any real basis for this assump¬ 
tion? If we start with air which is sensibly clear of 
ionization it surely requires a potential gradient far 
greater than any which have been observed to start such 
discharges. Moreover, experiment shows that until 
there is visible luminosity at a point in such conditions 
no discharge occurs. What of the electric field sur¬ 
rounding a 132-kV transmission line; is it seriously con¬ 
tended that, in the absence of corona, there are such 
point discharges, say, from points on the pylons near to 
the conductors, even though that field is far more intense 
than those due to thunderclouds ? I do not deny that 
there is considerable ionization of the air beneath a 
thundercloud, doubtless due mainly, to heavy ions, 
VoL. 81. 


and I accept the proposition that this ionization may 
be largely instrumental in determining the path and 
character of a lightning flash, but is it not much more 
reasonable to suppose that this ionization proceeds fi-om 
the source of electrical disturbance up above and that, 
so far from points generating ions at ground level, they 
are actually collecting them and reducing the ionization? 
This view is supported by tests I have made during the 
past summer, showing that conducting points are not 
essential to get the effect of a current flow from ground 
to air. On replacing a pointed conductor by a brass 
ball the flow of current was still observed, though possibly 
of less magnitude—as might be expected. The experi¬ 
ments are not complete, but it is hoped to get a, quanti¬ 
tative comparison when more thunderstorms are 
available. The rather rare phenomenon of St. Elmo’s 
fire is very generally quoted in substantiation of the 
view generally held, but the descent of electrified air 
(or heavy ions) in sufficient volume affords, in my 
view, a much more satisfactory explanation of this 
effect. The idea of point discharges as a cause of 
ionization is usually attributed to C. T. R. Wilson, I 
think quite unfairly. On referring to his original paper* 
it will be seen he advances the idea in a guarded 
and tentative manner as something which might be 
considered. 

The falling-drop theory has never appealed to me, 
for a number of reasons, but perhaps chiefly because it 
does not account for lightning dischai-ges on clouds from 
which no rain is falling, nor for lightning during snow¬ 
storms. Moreover, I see no reason why, if the theory 
were correct, it should not be possible to produce 
miniature lightning flashes in the laboratory on this 
plan. 

The last word on lightning theory has not yet been 
said, but there is no doubt that we axe getting nearer 
the truth and that an important forward step has been 
taken in recognizing that the flashes are a phenomenon 
of volume electrification having little in common with 
surface discharges. 

Mr. W. Wood {communicated ): The paper apparently 
does not deal with cases arising out of inductive effects 
caused by discharges from a cloud to a cloud, or from a 
cloud to earth, in the neighbourhood of transmission 
circuits or (what I have particularly in mind) communi¬ 
cation circuits or signalling circuits of various kinds, 
such as those used by the Post Ofliice and the railway 
companies. After a severe thunderstorm has occurred 
along a lailway line it sometimes happens that trains 
are slowed down owing to the inductive effects from 
lightning discharges; the steep-fronted transients induced 
along the lines may burn out and otherwise affect the 
delicate signalling apparatus and telephone control 
systems. In my experience it rarely happens that 
lightning terminates on pole lines of this kind, and the 
problem for lightning-arrester designers is to devise 
apparatus to take care of the transients caused by the 
electrostatic effects of the stroke. The usual method is 
for the lightning arrester to take such a form as enables 
charges to be conducted or led to earth before the delicate 
parts of apparatus are affected, added protection being 
given by the use of choke coils suitably disposed in the 

* Philosophical Transactions ot the Royal Society, A, 1920, vol. 221, p. 24. 
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circuit. The induced surge coming to the choke coil is 
reflected as it meets with the very large impedance. I 
should like to ask the author to give his view and, if 
possible, a mathematical treatment, of what takes 
place when a severe cloud-to-cloud discharge occurs 


over an earthed signalling circuit or, say, a telephone 
metallic loop circuit. 

[The author’s reply to this discussion will be found on 
page 55.] 


SCOTTISH CENTRE, AT GLASGOW, 8TH DECEMBER, 1936 


Prof. M. G. Say: Is it quite certain that upward air 
currents are responsible for the separation of positive 
and negative charges in clouds ? The whole matter 
seems to be very speculative, and the fact that two 
diametrically-opposed theories can be put forward and 
accepted within a few years is evidence of our ignorance: 
I refer to the hypotheses that make the base of the cloud 
respectively positive and negative. It would not sur¬ 
prise me in the least to hear of a brand new theoiy on 
quite a diflerent basis which would explain observed 
phenomena equally well. Has it been found possible 
to investigate the electrostatics of clouds on a reduced 
scale in the laboratory ? It would seem that considerably 
more experimental data of this kind are necessary to 
eke out observations on the natural scale. 

The charge conveyed by a powerful lightning stroke is 
given as being of the order of 10 coulombs. This is 
only a small fraction of the coulombs taken from a 
motor-car battery to start the engine, but the associated 
voltage is of quite a diflerent order. This prompts the 
suggestion that the bursting of trees and wood poles by 
the passage of a lightning discharge may be due to 
effects additional to, or other than, the tendency for 
an arc to enlarge its cross-section if confined to a small¬ 
bore tube. In the first place, when an electric arc 
discharge reaches a conductor it becomes therein a non- 
visible current flow, and the phenomena associated with 
arcs in gases may not apply. Can the author say what 
objections there are to the supposition that the bursting 
of trees, etc., may be due to the production of steam 
internally at high pressure ? When the surface of such 
conductors is wet, it provides a lower-resistance alter¬ 
native path, reducing the current within the tree and 
therefore also the steam production. 

The very high voltages that may be produced on trans¬ 
mission-line conductors suggest that corona loss would 
be a powerful dissipating agent. I do not think the 
author referred to corona except in connection with a 
change in the surge impedance produced by the effective 
increase in the conductor diameter. Corona is often 
referred to as providing an automatic safety-valve for 
over-voltages, and I should like to know whether there 
is any foundation for this view in connection with 
lightning surges. 

To one who has never seen “ ball lightning,” the 
description of the phenomenon given by Dr. Brand 
leads like a book of mediaeval magic. Evidently undue 
scepticism may be as misleading as undue credulity. I 
look forward with great interest to seeing one of these 
remarkable objects. 

Mr. C. H. A. CoUyns: There were two occasions dur- 
ing a lightning storm when a meter and cut-outs in a 
consumer’s premises on our system were completely 
wrecked, and these premises were more than a mile 
away from any overhead line, and moreover were fed 


through double-wound transformers. If the author 
can suggest an explanation for this, I shall be very glad. 

With regard to the effect of reflection waves in lowering 
the voltage, there is a very good argument here for the 
use of short spans, and steel poles rather than wooden 
poles. If wooden poles are used one must run a con¬ 
ductor down each pole instead of only earthing poles 
at intervals of not more than mile, as required by the 
Commissioners’ Regulations; but it seems to me from the 
paper that in our case an overhead earth wire will not 
prove very effective, as the majority of our lines operate 
at only 11 000 volts and are without any resistance 
to the voltage encountered during lightning flashover. 
The voltage at the front of the wave must be very mucli 
in excess of 11 000 volts. On the other hand, our 
experience goes to prove that an overhead earth wire 
minimiaes lightning troubles even with lines of 11 000 
volts. This is the first time I have heard of a double 
overhead earth wire, but it seems quite a good scheme 
from a theoretical point of view. I am afraid, however, 
that the cost would make it almost impossible for rural 
development. 

Mr. J. Eccles: It is difficult to visualize a cloud 
carrying such an intense charge in such a local area as 
is necessary to produce a lightning stroke. Whilst it is 
quite true that the currents only last for an infinitesimal 
length of time, the extraordinary thing is how a cloud 
of reasonable magnitude can sustain a charge which 
produces instantaneous currents of the order of 100 000 
amperes. What happens when the leaders are being 
formed? Is the cloud busy collecting a charge from 
more remote strata to replace that being dissipated in 
the leader path ? 

The author pictures lightning as a constant-current 
phenomenon, and if this is a true picture there must be 
almost unlimited voltage in the cloud itself. What is 
the magnitude of the voltage ? If the voltage is 10 million 
volts on a line which has a surge impedance up to 
500 ohms, what must the voltage employed initially be 
in order to penetrate several kilometres of space between 
the cloud and the line ? 

The base of the cloud appears to be at a negative 
potential relative to the earth. Would it be a feasible 
suggestion to insulate the earth wire from the tower 
and raise it to a positive potential above the earth, so 
that, in the event of a much higher voltage being im¬ 
pressed on this wire, it would spill over ? Would such an 
arrangement be of any assistance in persuading the 
lightning to attack the earth wire, which is now charged 
more positively than the earth, and might, therefore, 
form a point of attraction for the downcoming stroke ? 

Prof. C. T. R. Wilson: My own measurements 
relating to lightning discharges have been made mainly 
with the aim of obtaining quantitative information about 
the thundercloud regarded as a great electric generator. 
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There can be little doubt that the potential differences 
in thunderclouds attain values of the order of a thousand 
.million volts and that the average quantity discharged 
in a lightning flash is of the order of 10 coulombs. 

Any picture of a thundercloud is, I think, incomplete 
unless the conducting upper atmosphere is included. 
This is generally recognized in connection with the 
possibility of the maintenance of the fine-weather 
potential-gradient by thunderstorms. But in my view 
the conductivity of the upper atmosphere must also 
play a quite essential part in the determination of the 
whole electrical behaviour of the thundercloud, including 
the production of lightning discharges. ' 

Mr. A. Erskine: A few months ago we in Fifeshire 
had rather an interesting experience with an overhead 
line which was subjected to a direct lightning stroke. 
The line to which I refer was carried on wood poles and 
connected our power station to a substation some con- ’ 
siderable distance away. After a short but severe 
lightning storm, one of the wood poles was found to 
have become fractured about 6 ft. from the ground level 
and a transformer in the substation fully 2 miles away 
had broken down to earth near the centre of its e.h.t. 
winding, a part, I believe, which is severely stressed 
under such conditions. I should be pleased to have 
the author’s comments on such a transformer failure, 

Mr. P. Butler: It is disappointing to find that 
Section (1) (e) refers only to direct lightning strokes on 
either the supporting towers or the mid-spans, whereas 
in actual practice the proportion of direct strokes on a 
distribution system is comparatively small. It is our 
opinion that on the lower-voltage systems, i.e. 11 kV 
and under, the destructive effects of a direct stroke 
cannot be guarded against, as invariably one or more 
of the line insulators are shattered and an outage occurs. 
According to the Dumfries County Council engineers, 
most lightning trouble is due to induced surges set up 
by a direct stroke in the vicinity, or by a heavily charged 
thundercloud. The Dumfries undertaking have 600 
miles of 11-kV lines, and during 1936 they had 12 
thunderstorms but only one direct hit. In consequence 
of the secondary disturbances, however, 140 fuses failed 
during that period. These fuses protect separate trans¬ 
formers erected on either the main lines or the spur lines, 
varying from ^ mile to miles in length. On some of 
the spur lines there are as many as eight transformers 
connected in, of sizes ranging from 6 to 15 kVA. After 
a storm the lines and transformers have been carefully 
examined but no signs of a flashover or any other 


material damage has been observed. If the author could 
supply an answer to this serious problem it would be of 
great assistance to every distribution engineer. 

With regard to the question of earth wires on the top 
of towers, it has been suggested by one authority that 
the best place for these earth wires is on the underside. 
Some distribution engineers do not like to have the earth 
wire on top owing to the danger of breaks and consequent 
short-circuits between lines. The author mentions the 
use of the Petersen coil; it should be pointed out that 
this is not a protection against lightning strokes but 
purely a method of ensuring continuity of supply in 
case one line breaks down to earth, I was rather 
interested to find that these coils are being used in 
Russia; the first transformers supplied to Russia had 
earthed neutrals, and it is presumed that these have 
been modified in order to allow the use of Petersen coils. 
The author also suggested the use of gaps; we have 
carried out some experiments in this direction with 
fibre tubes, but we could not get consistent results. If 
the author could give any particulars of the gaps he 
recommends it would be of assistance. 

In Section I (d) it is suggested that certain identifiable 
localities receive an undue proportion of lightning strokes. 
This is very difiicult to prove in actual practice. In 
one case in particular, where there is a large lead deposit, 
the disturbances are relatively few, and this is entirely 
contradictory to what the author suggests. 

Mr. H. C. Babb; If in order to ensure protection of 
overhead lines against lightning we have to put in all 
the extra equipment recommended in the paper, the line 
cost, especially for the lower voltages (up to 11 000 volts), 
is going to be so high that it will be almost as cheap to 
put in cables. 

I should like to ask the author how he proposes to 
provide the larger clearance in the centre of the span 
if the earth wire is carried above the power wires. It 
seems to be rather a difficult job under the existing 
regulations. Regarding the discharge from the centre of 
a span, we have had reports of such discharges on one 
or two occasions, but in each case there was heavy rain 
at the time, and the water was falling in large quantities 
from the centre of the spans. We concluded that this 
shortened the clearance and thereby caused the flash- 
over. In view of what the author says, however, this 
might not have been so. 

[The author’s reply to this discussion will be published 
latei*.] 


NORTH-EASTERN CENTRE, AT NEWCASTLE, 14th DECEMBER, 1936 


Mr. F. C. Winfield: In dealing with a problem of 
this type there are as a rule in general engineering two 
distinct lines of attack which proceed side by side. The 
first is the cut-and-try method of practical engineering, 
often wandering a little blindly but being corrected 
continuously by experience. The other is the more 
eyact method of scientific investigation. In this subject 
of lightning both lines of attack have been greatly ham¬ 
pered not merely by the abstruseness of the problem but 
also by the tremendous uncertainty which attaches to 
all natural phenomena of this type. The practical en¬ 


gineer finds so many variables and so great a difficulty 
in recording exactly what has happened that he is unable 
to fix his experience clearly and profit by it. The 
scientist has been hampered largely by the very immen¬ 
sity of the problem and the grave costs and time involved 
in the provision and use of suitable research plant. 

Until a few years ago the actual progress made on 
either side was rather disappointing. Lightning arresters 
of very doubtful quality, and the Petersen coil, repre¬ 
sented practically the whole useful contribution. The 
situation now seems to me very different. In my Chair- 
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man’s Address to this Centre^' last year I suggested that 
the old haphazard attack on this abstruse problem was 
now giving way to the method of statistical examination 
and recording coupled with extensive laboratory research 
and international collaboration; and I think it a reason¬ 
able prophecy that within the next 5 years lightning will 
be under practical control, 

I am able to say from my own experience that many 
of the points made by the author are borne out in prac¬ 
tice. One in particular I would mention, and that is' 
the desirability of a low tower footing resistance for 
overhead lines. This is very well appreciated now 
amongst supply engineers, and I think that if every tower 
footing could be brought within the 6-ohm figure which 
the author mentions our problem would be very largely 
solved. In engineering practice we are concerned with 
commercial solutions which give reasonable service rather 
than absolute immunity from trouble. All of our im¬ 
portant circuits are in effect duplicated, and it is there¬ 
fore not necessary to eliminate lightning outages entirely 
on overhead lines; but it is very necessary to reduce 
their present number. 


serious, particularly as regards the minimum limit of 
current specified. 

Another matter on which I should like the author’s 
view is the relative intensity of lightning efiects on over¬ 
head lines in this country and abroad. My general im¬ 
pression is that the severity of lightning in this country 
is less than is found on the Continent or in America. 
His reference to the increased number of flashovers 
between clouds in tropical countries suggests a greater 
immunity abroad than appears to be the case, unless 
the number of storms is very much greater. On the 
other hand, I should like to know whether the existence 
of storm clouds at a low level in this country is liable 
to reduce the magnitude of the voltages produced, 

Mr. James Dickinson: On page 9 the author 
attributes the bursting of tree trunks to the high pressure 
set up by the arc of the leader stroke when constrained 
to flow in a tube with a bore smaller than the natural 
cross-section of the arc in free air. I have been accus¬ 
tomed to explain the shattering of such moist semi¬ 
conductors by the analogy of the ordinary steam boiler. 
The sap of the tree trunk, for example, is instantaneously 



What is the range of magnitude of lightning which 
we may anticipate ? From my own experience it would 
appear that this range is very large, and that, without 
separating direct strokes from indirect effects, the per¬ 
centage of lightning eflects giving really high voltages 
is quite small. Experience indicates that the number 
of line outages per mile of line in this country, at any 
rate, varies inversely with the voltage, i.e, as the level 
of insulation rises with the voltage of the line more and 
more lightning effects are withstood without line outage. 
It is highly probable that interruptions from this cause 
on lines of the order of 260 000 volts would be rare. 

The author refers to the value of double earth wires 
and counterpoises, and I should be glad to know whether, 
taking the present grid 132-kV lines as an example, he 
considers that greater immunity from lightning would 
be achieved by pro-viding double earth wires or adding 
a counterpoise to the present single earth wire. My own 
impression is that double earth wires, if properly located 
with respect to the lines, would achieve the better results. 
The author refers to de-ion gaps and arc-suppression 
devices, and mentions that there are certain limitations 
in their application. I have found these limitations very 
* Journal I.E.E., 1936, vol, 78, p. 34. 


evaporated by the heavy PR loss resulting from such 
a high current flowing through the semi-conductor. The 
steam pressure rises almost as rapidly, with the result 
that the cylinders of wood and bark literally burst like 
an ordinary steam boiler. 

It is appropriate to call attention to a different type 
of surge generator, employing high-voltage cable instead 
of a battery of condensers, which is readily portable to 
points on actual transmission lines, has much greater 
stored energy than the usual type, and will faithfully 
imitate the effect of lightning. Fig. B shows clearly the 
scheme of such a surge generator. There are three 
special cables (Cj, Cg, Cg), each for 360 kV direct voltage, 
connected in accordance with the Marx circuit. The 
construction both of the cable and of the generator 
is outlined in detail in paper (1) referred to at the 
end of my remarks. The cables are slowly charged 
to 360 kV(max.) by means of the two thermionic valves 
shown on the left, which also charge the auxiliary 
cables Cq to the same maximum voltage. The spark- 
§3-? required voltage, discharges and 

thereby acts as a trigger to F^ and Fg. The three 
cables are thus connected in series with the spark-gap Fg, 
across which approximately 97 per cent of the sum of 
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the voltages of the charged, capacitances will appear. 
In the case of concentrated capacitance the voltage loss 
is small, but the capacitance under consideration is dis¬ 
tributed, and it is shown that there is a voltage loss. 


Fi Fa Fs 



Fig. C 


due to the resultant surge impedance of each cable- 
condenser (impedance of just over 3 per cent. Fig. C 
shows a simplified .diagram of the surge generator. 
Cathode-ray oscillograms show that the surge wave 
generated by the distributed-capacitance cable gener¬ 
ator is similar to that of the multi-step concentrated- 
capacitance type. 

In one case described and illustrated in paper (2) below 
a good deal of damage was done by lightning to a 
concrete pedestal at one foot of a pylon. The conductors 
and insulators exhibited no damage on this particular 



Fig. D 

Ordinates indicate peak values in kilovolts. Normal phase voltaee of network 

80 kV. 


tower. A house near by was struck and damaged at 
the same time. In the nearest power station, about 6 
miles away, there was damage on the red phase, and two 
clearly-defined discharge paths could be seen afterwards. 

The surge-voltage oscillogram in Fig. D shows, in the 


early stages, an insignificant but sudden voltage varia¬ 
tion with respect to earth in the red phase. The other 
two phases show the inverse polarity of the surge-vol¬ 
tage crests, and later the rise in the working voltage with 
respect to earth. The total duration of the surge on the 
red phase is 10 microseconds and its value reaches over 
300 kV(max.). The rate of rise of the surge is, approxi¬ 
mately, 1 000 kV per microsecond. There are two dif¬ 
ferent time-scales on the oscillograms: that from left to 
right refers to the high-frequency transient, whereas that 
from right to left measures the 50 or 16| frequency of 
the two networks at the junction of which the oscillo¬ 
graph is connected. On the voltage scale, the deviation 
from the instantaneous value of the working voltage is 
measured from the full zero line; the dotted parallel is 
the zero line of the working voltage of frequency 50 or 
16f cycles per sec. Up represents the normal phase 
voltage of the network. 

Small bundles of soft iron wires embedded in wax, 
mounted {a) in the tower leg and (5) in the earth wire, 
have proved very useful for measuring the maximum 
value of the discharge current [see paper (3) below for 
illustrations and description]. 

In conclusion, I should like to quote the following 
references to the subject matter of my remarks:—• 

(1) K. Berger: “ A Cable Surge-generator for Heavy 
Loads and a Surge Potential of a Million Volts,” S.E.V, 
Bulletin, 1933, No. 15, p. 325. 

(2) K. Berger: ” Thunderstorm Measurements in 
Switzerland in the Years 1932 and 1933,” ibid., 1934, 
No. 9, p. 213. 

(3) K. Berger: “ Results of Thunderstorm Measure¬ 
ments in the Years 1934 and 1935,” ibid., 1936, No. 6, 
p. 145. 

Mr, E. E. Dunn: With reference to the atmospheric 
conditions producing summer thunderstorms, the direc¬ 
tion of approach of such storms to the north-east part 
of this country is often from the south-west. The usual 
order of their major features is first the warm front, with 
its relatively high temperature and humidity, imme¬ 
diately followed by the towering flat-based thundercloud. 
Next comes the lightning, quicldy followed by heavy 
rain. Finally, there is the passing of the cold front with 
a change in the wind direction and fall in temperature. 
Such a sequence suggests that the conditions set out 
under (ii) on page 2 are the usual cause of our storms. 

The statement is made on page 6 that " Imme¬ 
diately the stepped leader stroke reaches the earth the 
main or return stroke begins to travel up the channel 
from earth to cloud.” Considering this phenomenon 
from the point of view of the electronic theory of current 
flow, would the author agree that the cloud base, being 
negative, possesses excess electrons the flow of which 
“ down ” the completed leader constitutes the main 
discharge ? The suggestion here is that both the propa¬ 
gation and the motion of the complete flash take place 
only in one direction, i.e. down, and the necessity for 
the use of the words ” return stroke ” arises solely from 
engineering methods of current measurement. 

Regarding the magnetic detectors mentioned in the 
paper, it would be of interest to know whether the towers 
on which they were fitted were connected by longitudinal 
earth wires, and, if so, whether the current values of 








38 


GOODLET: LIGHTNING: DISCUSSION 


30 000 to 40 000 amperes are those of individual towers 
or of tower groups. 

The author does not appear to favour the theory that 
variations in air conductivity influence the path chosen 
by lightning, yet he is inclined to think a tendency exists 
for flashes to fall both on places giving a copious point 
discharge and on places where there are geological dis¬ 
continuities, such as faults and underground springs. 
In connection with this, is not the presence of side branch¬ 
ing, with components approximately at right angles to the 
stress, evidence of varying air conductivity ? Could not 
the horizontal component in the very oblique path some¬ 
times taken by the leader be the result of increased 
air conductivity " guiding ’’ an ionizing point forced to 
propagate by electrostatic stress ? 

Apart from air ionization by stress, is it not probable 
that air conductivity, increased by radiations and 
emanations from electrochemical and electrothermal 
processes occurring at soil discontinuities and under¬ 
ground springs, is further stimulated by the effect of 
electrostatic stress on these processes, with the result 
that lightning finds propagation easiest through the air 
over such places ? 

Regarding the subject of overhead-line protection, 
except for the risk of insulator flashover due to release 
of the bound charge on conductors by a flash so near 
as 6 m., the suggestion of diverters is attractive, but it 
appears to me that the variant of the idea, namely 
lightning rods projecting 16 ft. above each pole, whilst 
perhaps reducing wreckage of the line when struck, 
would not be successful in preventing insulator flash- 
over and consequent feeder trip-out. The magnitude 
of the current in the discharge, together with the usual 
earth resistance (6 ohms is a low average value), would 
nearly always produce on the ironwork a voltage dif¬ 
fering from that on the conductors by a value exceeding 
the impulse flashover value of insulators used on lines 
working up to 20 kV. 

On page 14, when referring to a stroke to a line con¬ 
ductor, the author takes the point of view that the 
current will divide, one half going off in each direction. 
From a practical aspect one would expect any resulting 
damage to be spread roughly equidistant from the point 
struck. Practical evidence can, however, on occasion 
be found suggesting decided inequality of current sub¬ 
division. As an example, following a lightning storm, 
24 pin-type insulators were found damaged on a line, 
approximately 3 miles long, worldng at 20 kV, and 
fitted with 6 conductors together with an earth wire 
suspended under the conductors. The outstanding shat¬ 
tering and puncturing was found on 12 insulators fitted 
to the fourth, fifth, and sixth poles from a substation. 
Only one insulator flashed-over on the third pole. The 
remaining 11 damaged insulators—damage chiefly due 
to flashovers—^were found on various poles up to the 
twelfth from the substation, principally in one direction. 
Inequality in the state of insulator fatigue may be con¬ 
sidered a contributory cause, but a more logical theory 
for this effect would appear to be that residual field 
under an undischarged part of a thundercloud exerts 
an influence controlling the direction taken along an 
overhead wire by the major portion of a lightning dis¬ 
charge. Residual field, sometimes of increased strength. 


at other times of reversed polarit 3 ?’, has been noted by 
research workers and has recently been refen-ed to in 
a Meteorological Office Publication, issued in 1936, 
on " Point Discharge in the Electrostatic Field of the 
Earth.” 

Mr. T. R. Warren: In spite of the many and varied 
researches which have been and are still being under¬ 
taken, records of lightning flashovers still continue to 
bear testimony to what is now practically the only dis¬ 
advantage of overhead transmission lines as compared 
with the more costly underground cables. Close co¬ 
operation between research workers and transmission 
engineers is essential if the problem of preventing light¬ 
ning flashover is to be solved. 

It is admittedly dififlcult either to verify or to dispute 
much of what the author has written, because lightning 
records on overhead lines are not easy to obtain, but 
at the same time the present theories do not seem to 
be complete in that some assumptions which would 
not bear a close examination are made in arriving at 
the results. For example, the results of skin effect 
in the earth are not taken into account, and, while I 
can agree with the author that the resistance of an earth 
decreases with increasing current, the resistance will 
definitely increase with increasing frequency; the factor 
of uncertainty to which this gives rise makes it hard to 
believe that the final voltage across a tower which has 
been struck can be expressed as the product of the 
current and the earth resistance as measured in the usual 
manner. In fact, it would be difficult to explain in this 
way the flashing-over of a grid tower having a footing 
resistance of 6 ohms or less without assuming a current 
in excess of 100 000 amperes, a figure which, as the author- 
states on page 7, is very seldom exceeded in practice. 

It would be interesting to know whether the magnetic 
detectors mentioned in the paper have confirmed the 
existence of side flash. In this area certain of the grid 
lines are fitted with detectors consisting of sensitive flash- 
lamp bulbs, each connected between the tower and a 
separate earth spike driven into the ground. Their main 
purpose is to enable flashovers to be located without it 
being necessary to climb each tower, but it so happened 
that initially the bulbs were rather too sensitive for the 
purpose, with the result that during lightning flashover 
not only did a number of these lamps fuse on either side 
of the tower affected, but, in addition, well-defined groups 
of indicators were affected further along the line, thus 
affording in an unusual way unmistakable evidence of 
side flash on overhead lines. It is interesting to record 
that on a 33-kV line the side-flash band, as determined 
in this way, was in one instance 19 spans in width. 

Prof. W. M. Thornton: With regard to the polarity 
of the discharge, I have always felt that there can be no 
essential difference between the mechanism of lightning 
discharge and that of ordinary unidirectional or inter¬ 
mittent spark discharge between electrodes. Photo-' 
graphic exposures taken at intervals during the formation 
of a spark show that it always starts from the negative 
pole, and the probability is that lightning does the same. 
The author makes no reference to the suggestion by Sir 
Oliver Lodge that the great destructive action of a light- 
ning flash may be due to the discharge taking place in 
two stages—an A and a B spark. The former is a trigger 
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spark between two clouds, which releases the energy of 
one of them to earth. Laboratory experiments support 
this view, but direct evidence for it would be difficult 
to obtain. In any case the quantity passing is very 
small—less than a coulomb. 

There is often evidence of high electrification in 
mountainous districts. The " plume ” on the Matter¬ 
horn might possibly be due to some such action—con¬ 
densation on a kind of electric wind from a point. 

Ball lightning is a most interesting phenomenon. If 
it is, as seems probable, a ball mostly of ozone which 
reverts to oxygen suddenly with explosive force, the 
possible horse-power on its dissolution may be reckoned 
in tens of thousands. 

Mr. P. J. Ryle: I quite agree with the author that 
experience definitely indicates that low tower footing 
resistance diminishes the probability of flashover at in¬ 
sulators due to a direct stroke to the tower or to the 
earth conductor. 

The argument on page 13 in effect assumes that flash- 
over due to voltage between tower and conductors will 
not occur on the front of the wave, e.g. that indicated 
by the full line in Fig. 7; or, in other words, that the 
only tower-top potential one need worry about is the 
“ steady state ” potential closely approached in this 
figure after about 1 • 5 microseconds. This ‘' steady state' ’ 
tower-top potential is then equal to IR. This argument 
leads to the rather too generally accepted statement that 
the voltage across the insulators of any directly-struck 
tower can simply be taken to be the product of the tower 
current and the tower footing resistance. When un¬ 
qualified by further explanation, this statement is opti¬ 
mistic and misleading. This is at once made obvious 
by putting the footing resistance equal to zero, when 
the tower-top voltage also appears as zero. 

I should like to emphasize that, taking, for instance, 
the simple case of a tower without overhead earth con¬ 
ductor, the tower-top voltage rises as shown in Fig. 7 
until it is chopped by the reflected wave from the tower 
base. The voltage amplitude reached when this chop 
occurs depends on the tower height, and the nature of 
the variation of voltage after the chop depends on the 
tower height, the tower surge impedance, the footing 
resistance, and the ratio between the two latter. The 
taller the tower the later is the chop, and the higher the 
footing resistance the less is the effectiveness of the chop. 
An important point is that, even with zero footing resis¬ 
tance, the tower-top voltage wave is not, in any case, 
chopped until a time has elapsed equal to 2hjv micro¬ 
seconds, where h is the tower height in feet and v is 
approximately the velocity of light in feet per micro¬ 
second. With very high towers, the chop may not occur 
until well after a time has elapsed sufficient to allow the 
insulators to flash over, which will consequently occur 
even if the footing resistance is zero. A practical illus¬ 
tration of this occurred some time ago. A 487-ft. double¬ 
circuit river-crossing tower fitted with magnetic-link 
tower surge-current recorders was struck, and insulators 
on both circuits flashed over. It is therefore almost 
certain that the occurrence was a direct stroke to the 
tower or earth conductor. The magnetic-link recorders 
gave the total tower surge current as 30 000 amperes, 
and the footing resistance was measured and found to 


be well under 1 ohm. On the simple rule of tower cur¬ 
rent multiplied by footing resistance, the surge voltage 
over the insulators should, therefore, have been well 
under 30 kV, whereas flashover actually took place across 
insulator strings having a minimum impulse flashover 
value of the order of 1 400 kV (positive 1-5/40). 

Mr. H. Leybum: Although I agree with the author 
that “lightning is not a blight peculiar to overhead 
lines,” there is no doubt that, were it not for the effect 
of lightning upon overhead lines, the subject would be 
of little interest to the practical engineer. It is with 
this side of the problem, dealt with in the second part 
of the paper, that I am mainly concerned. 

Until a few years ago various authorities on lightning 
phenomena appeared to hold the view that the majority 
of the lightning troubles on lower-voltage lines, say 
below 66 kV, were caused by induced flashovers and not 
by direct strokes. This view is held by some engineers 
even at the present time. Calculations based on this 
theory were made to determine the distance from a given 
overhead line within which lightning strokes might cause 
a flashover. From the absence of any reference to in¬ 
duced strokes I conclude that the author does not support 
this theory, and I should like to know his reasons. 

The evidence in favour of the theory of multiple strokes 
is interesting and there is little doubt that such strokes 
can, and do, occur. It appears to me that multiple 
strokes lasting a comparatively long time (tenths of 
seconds rather than microseconds) might cause damage 
to protective devices such as lightning arresters and 
expulsion gaps, owing to the power follow-through cur¬ 
rent lasting much longer than the protective device is 
rated for and consequently tending to shatter it. I 
should like to ask the author whether he has had any 
experience of such shattering of lightning arresters or 
expulsion gaps. 

On page 18 he makes the statement “ A line of 900 ft. 
span insulated with 9 cap-and-pin units should be almost 
immune from lightning if all footing resistances are 
below 10 ohms,” provided the overhead earth wire is 
so arranged that it intercepts direct strokes. The con¬ 
stants given apply to the 132-kY British grid, the tower 
footing resistances of which are usually well below 10 
ohms, but in spite of this the grid lines are by no means 
immune from lightning. Is it the author’s contention 
that all flashovers are due to direct strokes to the phase 
conductors themselves, and that the earth wire, although 
placed at the top of the tower, does not intercept them? 

I now come to my main point. It is fairly clear from 
the paper that to make overhead lines lightning-proof 
(if it can be done at all) requires a much larger expen¬ 
diture than is economically justifiable. The alternative 
to this, referred to by the author in Section 2[h), which 
I consider to be preferable from both an engineering and 
an economical point of view, is so to construct the line 
that it is reasonably free from lightning troubles and 
then to deal with the flashovers that are inevitable in 
such a way that continuity of supply is not affected. 
The operating statistics for the Petersen coil, which is 
one device having for its aim the achievement of this 
object, are interesting, but unless they are carefully 
interpreted they may be misleading. As is well known, 
the Petersen coil can clear transient earth-faults only. 
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and cannot cope with phase faults; and, although the 
statement quoted by the author that 90 per cent of line- 
to-earth faults were cleared without interruption of 
supply is very impressive, it must not be overlooked 
that 70 per cent only of all faults w^ere so cleared. It 
is fairly obvious from these data, and still more so from 
the complete results published in the references given 
in the paper, that a large number of phase faults had 
occurred on the system. Since on overhead lines operat¬ 
ing at 140 kV, and provided with reasonably sound 
protection, the number of phase faults is usually neg¬ 
ligible, it can only be concluded that the Petersen coil 
itself was the cause of there being a large number of 
phase faults, because it allows faults that start as earth 
faults to develop eventually into phase faults. 

I believe that the number of transient earth faults on 
an overhead-line netwmrk, expressed as a percentage of 
the total number of faults, is of the order of 90 per cent, 
and these transient faults are capable of being cleared 
without disconnecting the affected line. Since, however', 
according to published statistics, the Petersen coil clears 
only about 70 per cent of all faults, and since it also 
increases the number of phase faults or what might he 
termed “ cross-country ” double earth-faults, it is clear 
that there is still room for improvement. In addition, 
the Petersen coil has the disadvantage that it has to be 
adjusted within fairly close limits to suit the capacity 
of the protected network. Nevertheless, in spite of the 
shortcomings of present-day axc-snppression schemes 
such as the Petersen coil or expulsion gap, in principle 
I agree with the author that some such scheme, which 
will prevent lightning flashovers from interrupting the 
supply, is more likely to be the solution of the hghtning 
problem than the methods aiming at lightning-proof 
construction of the overhead-line network. 

Mr. G. R, Peterson; I am rather surprised that, in 
that part of the paper referring to- the effect of lightning 
on transmission lines, the au-thor confines himsfvH to the 
effect of direct, strokes and does not appear to regard 
the effect of charges induced on a line as of any practical 
importance. In actual practice; in many cases line 
switches trip on earth-leakage protection during lightning 
storms and when reclosed remain in service indefinitely, 
while subsequent examination of the line reveals no trace 
of insulator flashovex.. In other cases when the location 
of the insulator flashover has been discovered the damage 
caused has been much less than one would expect had 
it been caused by a direct stroke. It appears, therefore, 
that a considerable number of the insulator flashovers 
caused by lightning storms are of too slight, a nature to 
have been caused by direct strokes and. have probably 
been caused by induction effects. 

The author, in referring to the shattering effect of 
lightning strokes, advances the theory that this is due 
to the constriction of the heavy-current arc in a path 
whose cross-sectio-n is less than the natm-al ci'oss-section 
of the arc in air. I should like to put forward the alter¬ 
native theory that the disruptive force is. due to electron- 
static or electromagnetic causes. This is borne out by the 
fact that cases have: been reported -where people sheltering 
under a tree struck by lightning have been hurled back- 
w;mds a distance of several yards away from the tree. 
Also, in cases of human beings struck directly by light¬ 


ning, the clothes have sometimes been repelled from the 
body with sufficient violence to tear the cloth. 

There is one peculiarity about lightning storms which 
I have noticed, and to which the author makes no refe¬ 
rence, and that is that there appears to be one particular 
t 3 q)e of stoi-m to which transmission lines are particularly 
vulnerable. This t^pe appears to occur only occasionally 
and is generally, from the meteorological point of view, 
of a mild character, and yet it results in far more line 
outages than storms which are considerably more severe 
meteorologically. 

Mr. T. D. Oswald ; I wish to discuss the theory of 
cloud electrification and discharge. The author states 
that both Simpson’s and Wilson’s theories are attractive, 
Simpson’s for its simplicity and Wilson’s for its com¬ 
pleteness. In a paper* read before the North-Eastern 
Students Section in 1935 I attempted to show that 
Simpson’s theory, with logical extension, was still capable 
of accounting for all the phenomena known to occur in 
cloud discharge and electrification as distinct from labo¬ 
ratory discharge between conducting electrodes. 

Following Simpson, the breaking of a drop is assumed 
to produce electrification; and a compact region in the 
cloud, immediately above an upward current of air, 
becomes positively charged and the main body of the 
cloud negatively charged. Simpson explains the dis¬ 
charge as beginning when the field strength in a region 
exceeds the breakdown value of air, ionization occurs, 
and the mobile electrons move towards the positive 
cloud. The relatively immobile positively-charged air 
particles remain as a positive finger pointing towards the 
negative region of the cloud or earth. Cloud particles 
do notenter into the mechanism of the flash. 

The field at the tip of the finger is intense, further 
ionization occurs, and the discharge proceeds towards 
the negative region. Th electrons produced are fed back 
via the channel towards the positive cloud, and will con¬ 
stitute an opposing field to the field of the positive 
region of the cloud. If a suffrcient quantity of negative 
charge accumulates near the beginning of the stroke, 
ionization will be interrupted until it is dispersed, and 
this process gives the effect of a stepped leader stroke. 

These leader strokes will form a network of conducting 
channels interlacing the negative region of the: cloud. 
One or more of the leaders may touch the earth; in this 
case the stroke acts as a conductor connecting the earth 
with the conducting network in the negative region. The 
earth is positive with respect to this region, and an 
intense ionization proceeds up the channel from the earth 
to the cloud, m it is necessary to enlarge the path in 
order to permit the, electrons in, the cloud network to 
discharge, and this must be done froi-n the positive end. 
The leader stroke produces no record on an oscillogram. 
The second ionization; stage will show as a comparatively 
gradual and progressive increase in current. Finally the 
cloud netw'ork discharges and a rapid rise of: current 
occurs. 

In subsequent strokes the earth path is partly formed 
and the quantity of electrons fed back in the- initial 
ionization stage is not sufficient to interrupt the stroke; 
thus, no stepping takes place. 

This theory accounts for the positive rain near cloud 

* Journal I.E.E., ig.'iC, vol. 79, p. GS l. 
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centres and negative elsewhere, observed by Simpson, 
the scarcity of upward forking flashes, internal cloud 
flashes, stepped and other leader strokes, return flashes, 
and the negative sign of most recorded discharges. 

While the statement that cloud discharge occurs 
directly out of the negative region explains the facts, 
it is difficult to construct such a satisfactory mechanism 


of propagation as Simpson has put forward. Before 
discarding his explanation, the possibilities of an indirect 
discharge of the negative region as outlined above should 
be considered. 

[The author’s reply to this discussion will be published 
later,] 


NORTHERN IRELAND SUB-CENTRE, AT BELFAST, 16TH DECEMBER, 1936 


Mr. D. C. Blair: In view of the vital importance of 
the resistance of tower or pole footings a few remai'ks 
on the earth resistivity in Northern Ireland may be of 
interest. The Post Office have recently carried out 
tests of a comprehensive nature throughout the area 
30 miles south and south-east of Belfast, and have been 
able to show' that the average value of the earth resistivity 
in this area is about 30 000 ohms per cm. cube. Less 
extensive tests which have been conducted north and 
north-west of Belfast indicate that here the resistivity 
is somewhat higher, probably 50 000 to 100 000 ohms 
per cm. cube. The Post Office have also had opportunity 
to measure the resistance of about 100 pole earths; in 
a few cases the resistances were found to be below 
10 ohms, but in the great majority they were between 
30 and 300 ohms, so that flashover of insulators on such 
poles would appear to be inevitable. 

With regard to the protective effect of earth wires, it 
is noticed that no reference appears in the paper as to 
the effect of the conductivity and internal inductance 
of these wires upon their surge impedance. Power lines 
are often provided with steel earth wires, and it seems 
that owing to the high internal inductance of such 
wires the surge impedance, \/{LIC), may be considerably 
higher than the t;j'pical value of 500 ohms quoted in the 
paper. By applying equations (22) and (28) we see that 
any increase in Z would apparently reduce the efficiency 
of the protection. The author’s opinion on this point, 
with particular reference to steel earth wires, W'ould 
therefore be appreciated. It may be mentioned that 
the Post Office are always interested in any factor which 
would encourage the adoption of high-conductivity 
earth wires on account of their greater screening effect 
where interference, due to coupling betw'een powder and 
telephone lines, is concerned. 

Mr. T. G. Christie: We in Northern Ireland have a 
problem which concerns the use of de-ion type expulsion- 
gap lightning arresters. The Electricity Board are 
about to take supplies direct from the 33-kV busbars 
at the Harbour power station. The supply will be taken 
from the 33-kV armourclad switchgear through approxi¬ 
mately half a mile of underground cable and thence 
on a steel-tower overhead line approximately 3-| miles 
to the Board’s main substation. Beyond this point there 
are 400 to 600 miles of 33-kV overhead lines erected 
on wooden poles. We propose to fit de-ion tjpe arresters 
at our main substation and also at the end of the 33-kV 
underground cable. I should like to know whether the 
author considers that the arresters on the first steel tower 
will adequately protect the cable, and if these arresters 
do not function whether the cable will give sufficient 
protection for the busbars and switchgear at the Harbour 


power station. One line is insulated for 33 kV, the 
other for 132 kV. 

Mr. M. C. Cooper: Referring to the leader-main 
stroke sequence, it is understood that a series of individual 
streamers shoot out from the negatively charged cloud 
base towards the earth, each successive streamer ad¬ 
vancing farther and thus blazing an ionized channel. 
Presumably these streamers are the result of electron 
discharges from the negative cloud base to the positive 
space charge. But the main or return stroke is said to 
start at the ground and strike upwards at a velocity of 
1/lOth that of light, and this is difficult to understand. 
Is the main stroke a series of electron discharges, from 
the now negatively-charged antenna system to the 
positively charged earth; these discharges commencing 
close to the ground, increasing in magnitude and following 
each other with such rapidity that they give the appear¬ 
ance of a single stroke striking upwards from earth to 
cloud? Or is the return stroke a direct discharge of 
positrons from the positively charged earth to the 
negative cloud base ? 

With reference to the Petersen-coil method of pro¬ 
tection, Dr, Allibone, in his paper on “ The Effects of 
Impulse Voltages on Transformer Windings,"* pointed 
out that if the voltage of the wave-front exceeded a 
critical value it became concentrated momentarily 
across the end turns, owing to its inability to distribute 
itself instantly throughout the winding. 

It would be interesting to know whether there is any 
explanation for the characteristic copper-coloured cloud 
which nearly always precedes a thunderstorm and is 
seldom seen wdthout being followed by such a dis¬ 
turbance. 

Mr. F. Johnston: There is a very common practice 
in Belfast among motorists of turning on their lights 
in a thunderstorm. I have always regarded this as a 
superstition based on the assumption that turning on 
the lights earths the car and therefore gives additional 
protection. As, however, the car is insulated by the 
tyres this practice would seem to be a mere fetish. 
Personally, I always feel very comfortable in a car 
during a storm as I, am then completely surrounded by 
metal; in fact a car should be rather safer than an old- 
fashioned bedstead, which has always been considered 
an almost ideal protection. I should be interested to- 
know whether a modern saloon car has ever been known 
to be struck by lightning, and, if so, what damage was 
done to the car and to the occupant(s). Also, is Belfast 
the only place where the practice to which I have referred 
is prevalent ? 

Mr. W. T. Palmer: There are three points in con- 

* •Jmmial I.E.E., 10,37, vol. SO, p. 117. 
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nection with the paper which have particularly interested 
me. 

First, why is the phenomenon of thunder conspicuous by 
its absence from the paper ? Is it because of the absence 
of any serious research in this direction in recent years ? 
It would seem to me, for instance, reasonable to suppose 
that although thunder is physically harmless it can 
disrupt the elementary vertical cylinder of air mentioned 
on page 5 so completely as to wreck the formula given 
there. 

Secondly, it is interesting to estimate the enormous 
amount of power wasted in a single lightning flash. 
Calculation from figures given in the paper shows that 
it is apparently not unusual for a single flash to carry 
power of the order of 25 million kilowatts, which is 
greater than the total power generated by all the power 
stations in Great Britain. 

My third point is in connection with two sentences 
on page 10: " Cattle leaning against such a fence may 
therefore be killed. In the same way telephone lines 
can introduce a dangerous voltage into dwellings.” 
Now the Post Office provides a certain amount of pro¬ 
tection against lightning for every subscriber, and I 
should like to ask the author if he would be good 
enough to incorporate in the paper a brief reference to 
this, for the sake of those telephone users who may read 
this paragraph and consequently experience a needless 
terror during the next thunderstorm simply because 
they do not know of the care which the Postmaster- 
General has lavished on them in this direction. 

Mr. T. T. Partridge: In 1933 there was a very 
serious lightning storm in Ulster and as a result the 
plant of the Post Office Engineering Department was 
badly damaged. I should like to ask the author whether 
the results which were obtained as a result of that 
storm can be explained in view of his investigations 
and the theories which he has put forward. 

Some ten years ago the Department decided not to 
fit earth wires to poles carrying communication circuits. 
In that storm in 1933 there were ten cases in Ulster, 
scattered throughout the Province, where poles of 
various heights, without earth wires, were shattered. 
The poles were shattered and splintered in the middle, 
but there were no signs of charring, and as the splinters 
had separated it was clear that the trouble had not been 
caused by an ordinary current discharge. Some of the 
poles affected were under trees, and some in the open. 
Among the poles which had been erected for a consider¬ 
able time, every one of which was earth-wired, there 
was no single case of shattering. The poles under 
trees were dry at the time of the lightning discharge. 
Another peculiar feature of the storm was that where the 
open wires were fused the poles were not splintered and, 
conversely, where the poles were splintered the wires 
were not fused and no insulators were broken. I 
should be obliged if the author could explain these 
peculiar facts by the new theories which are divergent 
from those of Simpson. 

Mr. J. Reilly: The author states that "the cost of 
proper lightning protection for a building is very con¬ 
siderable—in any case insurance is a cheaper proposi¬ 
tion.” I am of opinion that in ordinary city buildings 
both large and small there is no necessity for lightning 


conductors. I have been in touch with several insur¬ 
ance companies in order to find out what damage has 
been done by lightning to buildings. One company 
told me that during the past 10 years they had had to 
pay damages to a farmer for a cow, one small house 
in the country, and a haystack. Another company 
had only had 3 claims during the past 5 years—each 
in connection with small houses. All this makes one 
begin to wonder whether it is worth while to spend a 
lot of money on lightning conductors. 

I should like to know what is the cost of proper 
lightning protection as compared with the ordinary 
method. The ordinary lightning protection that the 
architects allow for represents about 1 per cent of the 
cost of a building. I know of one instance where the 
cost of the lightning protection for a hospital was less 
than £20, whereas the cost of the hospital was £25 000 
to £30 000. 

I should like the author to give a brief outline of the 
modern method of protection. 

Mr. J. H. Beaumont Robins: In regard to ball and 
bead lightning, the author refers to the speculation that 
this is composed of ozone (having the chemical symbol Og) 
and that its explosive properties are due to subsequent 
reduction to oxygen (having the chemical symbol Og) 
with consequent increase in volume, expressed by the 
chemical equation which shows that three volumes of 
oxygen are produced by reduction of two volumes of 
ozone. I should like to ask his opinion as to the likeli¬ 
hood of an alternative explanation; namely that ball 
lightning is composed of a mass of nitric oxide (chemical 
symbol NO) at high temperature, which has been 
formed from the constituents present in the atmosphere 
as a result of extreme electric stress. A suggestion of 
this nature was put forward some years ago and was 
supported by practical observations of the characteristic 
odour of nitric oxide, or, more probably, nitrogen 
peroxide, gas in the vicinity of a ball flash. Incidentally, 
the latter gas retains a degi'ee of stability up to a tem¬ 
perature of approximately 3 000° C. 

The second part of the paper deals with the more 
practical aspect of lightning as a menace to overhead 
transmission lines. It would appear that a most useful 
precaution is to ensure footing resistances of low ohmic 
value, and I would ask whether this cannot be assisted 
by increasing the contact area between the metallic 
foundations of the tower and the earth in which they are 
buried. 

Mr. J. S. Scott: The author starts off by stating that 
a thunderstorm is an isolated localized thermodynamic 
process. I think that there can be no question as to 
the cause of lightning, for there seems no other reasonable 
way of accounting for the enormous potential energy 
stored in a thundercloud. Assuming that the cloud 
contains enough water to produce 1 in. of rainfall 
over 1 square mile—not unusual in heavy thunder¬ 
storms—1 in. depth would correspond to 62 500 tons. If 
this quantity fell 5 000 ft. relative to the surrounding air, 
the potential energy would be equal to 312 500 ft.-tons, 
i.e. 354 000 h.p. for 1 hour. The heat energy in a large 
lightning stroke must be equal to that of possibly several 
tons of nitroglycerine, and lightning acts in about the 
same length of time. 
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The author sets forth clearly the two opposing theories 
—^those of Dr. Simpson and Prof. Wilson. I believe 
there is a strong possibility that the base theory is the 
correct one. Another support for the thermodynamic 
process is that when a violent volcanic eruption occurs 
there are almost invariably very heavy lightning dis¬ 
charges within the hot gas stream from the volcano. 

In the latter part of his paper the author points out 
the effects of lightning strokes on buildings where the 
structural steelwork is discontinuous or not well bonded. 
About 11 years ago I was working in a workshop about 
100 yards from a 5-story brick building. There was a 
heavy thunderstorm—a brilliant flash of lightning imme¬ 
diately followed by a peal of thunder. I found that the 
building had been struck and that the top floor, which 
was a hay loft, had caught fire and damaged the 
machinery. The building had reinforced-concrete floors. 
There was in the brickwork a slight trace of cracking, 
but I do not know whether this had been caused by the 
lightning. I am of the opinion that an induced spark 
discharge set the hay on fire, and it seems to me that 
reinforced-concrete buildings should, if possible, have 
all the metalwork thoroughly bonded and earthed. 

Another case, which can be seen to the present day, 
occurred at Scrabo Tower. When the tower was struck 
the stonework ci'acked at the base, where apparently the 
lightning conductor had not been properly earthed. 

With reference to ball and chain lightning, this, I 
believe, used to be considered a subjective phenomenon, 
but there is now very strong evidence that it really occurs. 
In certain experiments carried out at Queen’s University, 
Belfast, a small bead of light has been seen travelling 
dowir one of the vacuum tubes, and if this effect could 
be repeated it might lead to further information re¬ 
garding ball lightning, about which very little is known. 

Mr. F. H. WhysaU: The author’s explanation of how 
and why lightning strikes is very interesting, and it is 
evident from the figure of voltage-rise quoted (10 million 


volts) that a lightning stroke on a transmission line will 
be attended by very serious results. Happily Northern 
Ireland, like the North of Scotland, is practically immune 
from thunderstorms, and the problem here is not nearly 
so acute as it is in Africa, Central America, and Eastern 
India. Indeed, the number of thunderstorms recorded 
in the North of Ireland is only about a quarter of that 
occurring in the South of England. Nevertheless, there 
is danger in its very rarity, since when lightning does 
strike it may find the engineer unprepared and the 
damage caused may be correspondingly increased. 

I am disappointed that the author does not provide 
a schedule of the different forms of protection in use in 
various countries, showing the recorded efidcacy of each 
type. Each form of lightning protection has its own 
adherents amongst the experts, and therefore it is only 
from such a schedule that the supply engineer can obtain 
comprehensive and reliable information. 

Regarding the earthing of individual towers on a 
33-kV system, it would be necessary, in order to prevent 
a voltage-rise exceeding 300 000 volts in the event of a 
lightning stroke, to have a tower footing resistance not 
exceeding 2 ohms. Even with this value of resistance, 
which is very difficult to obtain and maintain, it 
seems to me that flashover of the line insulators would 
occur. 

In 1930 it was suggested by Dr. Petersen that, to 
achieve a completely lightning-proof overhead line, 
lightning rods should be installed on the towers, the 
towers should be connected by an earth wire of good 
conductivity, and each tower should be effectively 
earthed. This would afford efficient screening for all 
live conductors and would ensure that lightning strokes 
occurred only to earthed parts. Can the author offer 
an opinion on Dr. Petersen’s suggestion ? 

[The author’s reply to this discussion will be published 
later.] 


NORTH-WESTERN CENTRE, AT MANCHESTER, 5 TH JANUARY, 1937 


Dr. J. L. Miller: The paper is noteworthy not only 
in that it deals consistently with the complete story of 
lightning but also in that the attack is made in a manner 
such that there is an orderly progression from the 
original electrification of the storm cloud to the fin al 
surge voltage appearing on the line immediately after a 
stroke. This method, which is obviously the most 
logical one but unfortunately in this subject also the 
most unusual one, is difficult because there are both 
numerous alternative theories to be weighed and also 
several gaps between succeeding parts of the story to 
be covered. The alternatives are, however, all con¬ 
sidered with judgment and the gaps are invariably 
bridged with skill; in particular the substance of 
Appendix 1 deserves very careful consideration. 

There is still, however, a considerable lack of corre¬ 
lation in connection with one important question. I 
refer to the hiatus between the physicist’s theories of 
the initiation of the flash and the engineer’s assumption 
that the stroke may be considered to be a conductor 
having a surge impedance and upon which exist the 
travelling waves of voltage and current that give rise 


to the surges in transmission lines. An 3 rthing that can 
be done to link up these two aspects of the phenomenon 
and to clear the air with regard to the admissibility of 
a stroke surge impedance—^my opinion is that the latter 
assumption is reasonable, and I have previously used 
it—^will be of value, and I hope that along with the 
possibly more interesting questions of cloud electrifica¬ 
tion and surge-voltage limitation these two problems 
will receive their due measure of thought and experiment. 

In the meantime it is interesting to recall that 
Fortescue has given an explanation that assists us in 
at least visualizing the phenomenon. Put briefly, he 
assumes that the standing wave represented by the 
negative space charge surrounding the channel produced 
by the initial streamer divides, when the tip of this 
streamer (which is supposed to behave like a charged 
conductor) reaches earth or a line, into two equal 
negative travelling waves, one moving down into the 
line to be reflected and refracted according to the 
classical laws, and the other moving upward to release 
more cloud energy to feed the channel. 

In dealing with the quantities involved in the light- 
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ning stroke the author can do little other than employ 
average values. Nevertheless, in regard to the magnitude 
of the stroke current which, with the tower footing 
resistance, is the most important factor influencing 
insulator flashover at a stricken tower, he perhaps errs 
on the optimistic side. He states on page 7 that " the 
most frequent value (mode) is between 30 000 and 40 000 
amperes. Currents greater than 100 000 amperes occur 
very seldom.” A great deal depends on the interpre¬ 
tation that a reader may give to this statement, and it 
may therefore assist if I quote from a recent paper* 
which shows that 25 per cent of strokes estimated from 
results obtained on two particular lines exceeded 55 000 
amperes, and that 10 per cent exceeded 100 000 amperes. 
These figures indicate that the expectancy of strokes 
in, say, the 40 000 amperes to 70 000 amperes range is 
reasonably high, and more than add confirmation to the 
importance brought out in the paper of maintaining low 
values of the tower earth resistances to obtain reasonable 
immunity from flashover troubles. 

In this connection I am rather sorry that the author 
does not deal with the counterpoise more fully, since in 
high-resistance terrains this device appears to have 
proved successful. As is stated in the paper, this 
additional buried conductor at the tower foot behaves 
for a few microseconds as a surge impedance and 
materially reduces the tower-top voltage and hence the 
risk of flashover. It can be shown, using the simplest 
assumptions, that one equation for the tower-top voltage 

is 2EqZcZRI\ZcZ{Z^^ i?) -j- 2RZq{Z -[- Zc)], where Zg is 
the counterpoise surge impedance and where the other 
S 5 mibols represent the same quantities as in the paper; 
this equation indicates that with an earth resistance of 
the order of 200 ohms (the other constants having 
usual values) the use of the counterpoise reduces the 
tower-top voltage to about one-third. 

The paper brings out very well the need for large 
clearances between the earth wire and the line con¬ 
ductors and should do something towards making some 
engineers realize the utter futility of the very small 
clearances we so often see on some of our 6-kV and 11-kV 
lines. I do not think, however, that the statement 
(page 18) " The infrequency of mid-span flashover 
suggests that stroke wave-fronts as short as 1 micro¬ 
second must be uncommon” really proves anything. 
Actually it could be argued that even with a relatively 
large percentage (say 10 per cent) of steep-fronted waves 
many mid-span flashovers are not to be expected. For 
instance, taking 200 ft. on each side of the centre of a 
1 000-ft. span as being sufficiently removed from the 
towers to allow of treatment similar to that given in 
Section 2 (/), then only 40 per cent of strokes come into 
this category. If it is assumed that 10 per cent of 
strokes are very steep then the number of mid-span 
flashovers will be 4 per cent of the total strokes con¬ 
necting with the line. With a lightning expectancy of, 
say, 30 strokes per 100 miles of line per annum, this 
means that on the average there will only be one mid¬ 
span flashover during this period. 

It is very difficult to estimate the behaviour of a 
surge after insulator flashover, and in this connection it 
is interesting to recall that in a large number of cases 
* W. W. Lewis and C. M. Foust ".Electrical Engineering, 1935, vol. 04, p. 934. 


more than one tower is involved in a flashover. Several 
sets of data are available and they show that about 
40 per cent of strokes involve flashovers on two or more 
adjacent towers. It is this, of course, which partly 
accounts for the diverse shapes of the travelling waves 
found on conductors. 

Mr. W. Fennell; In the past the majority of lightning 
protectors have been designed without Imowledge of 
what these devices have to protect the lines against. 
Now that the author has gone into the subject properly 
we may hope that the designs which are sold to us at 
a very high price for protecting our lines against light¬ 
ning will, at all events, provide some protection. 

I hope he will explain to me what the word " trope- 
pause ” means. According to the dictionary a “ trope ” 
is " a figure of speech.” 

On page 11 the author states "'Floating’ fireballs 
have the red colour of meteorite tracks in the lower 
atmosphere. They shun good conductors and generally 
choose a path through the air.” This remark gives 
credibility to a very detailed account my father gave 
me of a fireball he once saw when he was in school. 
This fireball came down the chimney, travelled slowly 
across the floor, and went out through the door, which 
had been left open because of the great heat preceding 
the thunderstorm. 

On the Mid-Cheshire system we have 33-kV, 6-6-kV, 
and 3‘3-kV lines and find we get considerably more 
lightning trouble with the lower-voltage lines. In fact 
almost never have we traced breakdown on the 33 000- 
volt lines to lightning. Taldng into account the enor¬ 
mous voltages referred to in this paper one would think 
we should have had some trouble with the 33-kV lines. 
Experience of this sort is fairly uniform throughout the 
country. We have certain 6‘6-kV and 3*3-kV sections 
where we usually get fuses blown when there is a 
thunderstorm in this part of the country. One area is 
along the Delamere Ridge between the Chester Road 
and Delamere stations. The Delamere subsoil is pure 
sand about 80 it. deep, and no water is found until deep 
in the sandstone rock below it. The surface is practi¬ 
cally insulated from the mass of earth. The fact that 
it is one of our bad spots seems to contradict certain 
of the statements in the paper. Does the author think 
that we really do get direct lightning strokes on, our 
lines in this country ? 

I have been told by Post Office engineers that 200- or 
300-yard sections of their very small lines sometimes 
completely disappear in bad thunderstorms. I have 
never known a single section of wire in one of our 
lines, even a No. 8 S.W.G., disappear as the result of a 
lightning stroke. Presumably the Post Office 10- or 
20-lb. per mile lines will not carry the " earth ” current, 
indicated in the paper, even for a very short time, and 
act as fuses. 

I should like to know whether the author thiirks a 
rod of a material known as thyrite is a type of pro¬ 
tection which is likely to be of use. It is one of the 
most recent offered to us. 

Mr. W. H. Thompson : The part of the paper that 
seems to me to be difficult to understand is that which 
states that the lightning stroke, although initiated by 
a number of streamers or leader strokes, results in a 
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return or main stroke in the opposite direction. I should 
imagine that as a cloud became charged, say on the 
Wilson basis, with the lower surface negative, the 
atmosphere between this cloud and earth would become 
the repository of an electrostatic field which would 
grow in intensity as the charge on the cloufi increased. 
This field would have a form and direction in strict 
relationship to the contour of the charged cloud and 
earth. The most intense part of the field would be 
either at the cloud end of the field or at the earthed 
end, depending upon the formation of these. The free 
electrons in the atmosphere would find themselves 
affected by the growth of this field and would move 
along their respective lines from the cloud to the earth, 
and with an acceleration governed by the rate of increase 
in the field strength. As this field is more concentrated 
at the earth and cloud ends, it is to be expected that 
greater ionization would occur there, and therefore 
visible streamer discharge would commence there. As 
the field intensity increases owing to, say, further charge 
concentration on the cloud, these streamers reach out 
until one reaches the earth electrode, and the main 
stroke passes. 

The author tells us that this main stroke passes in 
a reverse direction to that of the leader strokes that 
have led up to it. This suggests that the field has 
suffered a reversal of direction upon the leader touching 
the earth. I should like to know the cause of this, 
since I cannot see any justification tor it. It would 
seem to me that the negative charge on the cloud-base 
has, through the medium of its leader strokes, passed 
some of its energy to the atmosphere, and that, when a 
leader touches the earth, a relatively low-resistance path 
is provided for the complete transference of the remaining 
energy on the cloud-base, plus that previously given to 
the atmosphere in the form of the accelerated electrons. 
Thus the main stroke will be the fulfilment of the efforts 
of the leader strokes. It is quite conceivable that the 
main discharge may overshoot itself and result in a 
secondary stroke in the reverse direction. 

As regards the greater luminosity of the main stroke 
at the earth end, would this not be explained by the 
fact that the whole electron output in the form of leader 
and main strokes concentrates on the earth electrode 
and is subject to intense collisions with the positive 
space charge about the earth end ? 

I have seen a number of photographs of discharges 
from points, and in nearly all of these the streamers 
emanate from the positive electrode. The explanation 
of this, I would say, is similar to that given above for 
the lightning stroke, i.e. that there are more intense 
ionic collisions within the region of the positive space 
charge, and that there is actually a mhaute time-lag 
between the discharge at the negative electrode and the 
absorption at the positive electrode. This may be 
regarded as arising from the inertia of the intervening 
dielectric to the action of spark discharge. 

Mr. G. F. Sills: When I was interested in electrical 
work in Ontario for some years, the lightning storms 
were very severe, and lightning arresters were considered 
of great importance. A curious incident occurred at a 
high-voltage pumping station. Although at that time 
the weather was settled, the arresters used to function 


early in the morning. This was found to be due to 
switching operations at a nearby 110 000-kV substation. 

For many years the Transactions of the American 
I.E.E. have given complete operating results in con¬ 
nection with lightning arresters on the systems of the 
. various power companies in America, and in a recent 
issue I read that in one case only 13 towers with over¬ 
head earth wires had flashed-over, compared with 325 
on an unprotected line; reducing this data to numbers 
per 100 circuit-miles per year, the comparison is 7 per 
cent as against 93 per cent. It seems to be established 
in America that an overhead earth wire is essential, and 
3 mt in some cases high-voltage towers are still erected 
without overhead earth wires. Can the author suggest 
the reason for this ? 

On page 19 the author refers to the use of a counter¬ 
poise with the idea of preventmg outages. A recent 
issue of an American technical paper states that in one 
case a counterpoise introduced during the spring of 1929 
had prevented flashovers. A number of towers had 
suffered during the 3 years prior to its installation. A 
surprising feature of the measurements made in this 
case is the considerable distance travelled by the counter¬ 
poise currents; a stroke to one tower drew current from 
nearly a mile away, and to other towers drew current 
from 1|- miles away. It is also interesting to notice 
that in America a stroke current of 1 000 amperes is 
regarded as only a “ trace,” the maximum stroke cur¬ 
rents being of the order of over 100 000 amperes. Of 
the tower-structure currents from the 220-kV Ime, 
66 per cent have been less than 10 000 amperes, and 
only 11 per cent have exceeded 30 000 amperes. The 
very severe currents occasionally registered elsewhere 
have not been experienced on this particular American 
system. 

Mr. O. Howarth: The earth wire over the line along 
the tops of the towers is held by some engineers to be 
an inadequate protection, and in fact to be almost 
useless. After reading the paper I have come to the 
conclusion that the reason for this is that on the lower- 
voltage lines the distance between the earth wire and 
the other wires is insufficient to enable it to be an 
effective protection. If the earth wire is struck, it 
flashes across to the power conductors. It seems that 
there is no adequate protection against a direct lightning 
stroke to a line except plenty of insulation, which, of 
course, is impracticable on lower-voltage lines. 

Is the amount of energy liberated by the lightning 
stroke very small ? If. so, and if the power current can 
be prevented from following, the mechanical damage 
done will be so small that the line can be put back 
into service immediately after it has come out. 

I once came across a rather curious case where a 
lightning storm had damaged a meter and the lightning 
current had gone to earth on the consumer’s installation. 
The current had evidently passed through the meter 
series coils and repelled the disc, jamming it so hard 
against the pole of the shunt element that it had shaped 
itself perfectly to the bottom of the shunt pole. 

Mr. F. Walker (Cheshire) also took part in the dis¬ 
cussion, quoting two historical references. The first 
was to Benjamin Franklin’s well-known Idte experiment 
in June, 1752, and the second a communication from 
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Alexander Volta which was read before the Royal 
Society on the 14th March, 1782. 

Mr. E. T. Norris also took part in the discussion. 
The substance of his remarks will be found in the report 
of the London discussion (see page 27). 

Mr. A. B. Mallinson {communicated ): Last summer 
we had an experience of a floating fireball at the works 
adjoining my office. The ball came slowly out of a 
closed room which has 2-ft. walls on all three sides and 
is used as a drying stove. It was pear-shaped and of a 
dull red colour, and as it floated lazily out of the door 
of the drying stove, across a wooden landing and over 
the top of a motor lorry, there were short streamers of 
red hame coming out from it in all directions. Even¬ 
tually, when it reached about 3 ft. from the ground, it 
burst with a tremendous bang. By this time the rain 
had started. Simultaneously with the appearance of 
this fireball the circuit breaker on the lighting system 
was tripped and there was an outbreak of fire. This 
occurred on the opposite side of the 2-ft. wall from the 
room where the fireball had come through, at a point 
where the lighting wires passed within a few inches of 
the lightning conductor coming down from the mill 
stack. I made a very careful examination afterwards 
but I could find no sign of anything having gone through 
the wall into the room where the fireball started, yet I 
feel sure there must have been some connection between 
the two. 

Mr. F. J. Miranda {communicated ): In support of the 
modern view that lightning flashes are localized at points 
where there is a discontinuity in the conductivity of the 
soil, Stekolnikov made an experiment which is described 
in the present paper. This experiment was repeated 
under various conditions in the high-voltage laboratory 
of Messrs. Metropolitan-Vickers, and it was found that 
the localization of the flash was a function of the applied 
voltage as well as of the characteristics of the soil. A 
description of the experiment may be of interest. 

A metallic plate was solidly earthed and covered with 
evenly distributed damp sand, which was carefully 
levelled to form a plateau; on this were built two sand 
" hills ” of conical shape, and a brass sphere was buried 
between them. A long brass tube was suspended over 
the hills, its axis being parallel to the plane of the plateau. 
This tube was connected to an impulse generator and 
thus formed one electrode of a spark-gap of which the 



form; that is, a wave in which the voltage rises to the 
crest value in 1 microsecond and falls to half this value 
in 50 microseconds after the beginning of the wave. 



Fig. F 



Fig. G 



Fig. H 


Fig. E 

other was the earthed plate. Reference to Fig. E will 
show the layout employed. The impulses were of nega¬ 
tive polarity and. of the standard 1/60-microsecond wave¬ 


It was found that at voltages just sufficient to cause 
sparkover (minimum impulse sparkover) the spark 
always passed to one or both of the hills, but at voltages 
greatly in excess of the minimum sparkover voltage the 
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spark always went to the sphere. At intermediate values 
of voltage the sparks passed either to the hills or to the 
sphere, the percentage of sparks passing to the sphere 
increasing with the voltage when the electrode spacing 
was kept constant. 

Fig. F is a reproduction of a photograph which was 
taken when the crest voltage of the impulse was 210 kV, 
at which value 95 per cent of the sparks went to the 
hills and 5 per cent to the sphere. Similarly Fig. G 
refers to tests when the voltage of the impulse was 
450 kV, for which the distribution was 30 per cent to 
the sphere, 70 per cent to the hills. For an applied 
impulse with a crest value of 700 kV Fig. H illustrates 
the 100 per cent sparkover to the sphere; in this case 
secondary sparks of low intensity were observed to pass 
to the hills in 4 out of 100 applied impulses. Fig. H 
shows this secondary spark. 


It will of course be obvious that the crest voltages 
quoted were not actually obtained across the spark- 
gap, owing to its chopping action. In other words, the 
faster the rate of rise of voltage, the more does the 
spark tend to ignore high-resistance paths in favour of 
those of lower resistance, even though the latter be 
considerably longer than the former. 

This experiment furnishes a possible explanation for 
the existence of areas more subject to direct lightning 
strokes than others. The experiment is open to criticism 
because the live electrode is not strictly equivalent to a 
cloud: a metallic conductor is substituted for a space- 
distributed charge, and the conductor is not charged 
prior to the arrival of the impulse. 

[The author’s reply to this discussion will be published 
later.] 


SOUTH MIDLAND CENTRE, AT BIRMINGHAM, llTH JANUARY, 1937 


Major A. M. Taylor: I should like to ask the author 
whether it is not allowable to assume that, under 
instantaneous conditions, the lines of electrostatic 
stress would distribute themselves in relation to the 
earth wire in the same way as under steady conditions. 
If so, it seems to me that, at Boulder Dam, where the 
earth wire is some 20 ft. higher than the power conductor 
and is displaced some 7 ft. nearer to the centre line of 
the tower, the power conductor is in danger of having 
a voltage of perhaps 10 000 000 volts impressed upon it 
when the flash takes place to the earth wire, which would 
of course flash-over across the insulators. This, however, 
would only occur if the discharge from the cloud was 
perhaps at an angle of 45° from the vertical; but a 
serious value would occur even at 30°. This reasoning 
is based upon an equipotential surface corresponding, 
very roughly, to an arc of 15-ft. radius struck from the 
earth wire as centre and carried upwards from the live 
wire to a point, say, 16 ft. (measured from the earth wire) 
along the direct line of the flash. Taking 60 kV per in. 
as the (average) disruptive stress in the air along the line 
of discharge immediately before the discharge actually 
takes place, then the potential at the aforesaid point is 
9 000 000 volts above earth; and the power conductor, 
being roughly on the same equipotential surface, is 
momentarily (until the discharge starts) raised to the 
same potential, and hence the insulators will flash 
over. If this argument is correct, our own C.E.B. 
lines are hopelessly unsafe in this respect. , The 
Boulder Dam double-circuit towers are, from this 
point of view, very much safer than the single-circuit 
towers. 

Another point about the Boulder Dam lines on which 
I should like information is the following. The two 
lines of tow’ers, where they cross the desert, are separated 
by 100 yards—^nominally to give greater protection from 
lightning. On this 150-mile stretch of line the extra 
cost of 2 more miles of line would be negligible, com¬ 
pared with the advantage of not running risks of inter¬ 
ruption. Why, then, were not the lines separated by at 
least a mile, as is done in South Africa ? Would not this 
arrangement have enormously reduced the chance of 
both lines being simultaneously put out of commission ? 


All the expense of sectionalizing the line would, in a 
sense, be wasted if this occurred. 

Regarding the question of the sectionalization of the 
Boulder Dam lines, was not the bringing together, into 
one switching house, of line conductors from both lines 
(as is done at the two switching stations) a source of 
weakness; and especially since the lines were only 100 
yards apart? Could not an appreciable portion of the 
10 000 000 volts on the failing line be transmitted across 
to the other line, by these cross-connections ? 

Mr. F. H. Clough: I dealt with the practical aspects 
of the origin of lightning and its effect on electrical 
supply in my Address* to this Centre a little more than 
a year ago, and do not think there is much that I can 
add to what I then said. The problem of obtaining 
continuity of supply during thunderstorms can be 
divided conveniently into two portions. Firstly, the 
designer of the transmission line must provide suitable 
paths for the lightning stroke to pass readily to earth, 
but ensure that there shall be no subsequent power flow 
over these paths: he must also arrange that the travelling 
wave caused by the lightning stroke is of limited ampli¬ 
tude. Secondly, the designer of terminal apparatus 
must arrange that the distribution of voltage in the 
apparatus arising from the travelling wave shall be as 
uniform as possible, and that there shall be adequate 
insulation to withstand such voltage. 

Mr. J. A. Sumner; I am interested in the author’s 
request for information as to the effect of lightning on 
particular schemes. Wdien the distribution system with 
which I am associated was commenced approximately 
6 years ago, I arranged for all faults to be carefully 
recorded and classified, and a map of the district was 
prepared showing the lines in diagrammatic form. Each 
fault that occurred was then marked upon the map under 
a special system of reference, and in this manner we 
obtain a graphical representation of faults. It was 
noticed, after about a year, that lightning faults w^ere 
occurring in three particular districts, and as the time 
v/as extended it was found that lightning troubles were 
associated almost entirely with these three particular 
points in the area. 

* r.E.jS., 1936, vol. 78, p. 49. 
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During one of the holidays last year, I was at the 
top of a high hill in Shropshire, the Wrekin, and was 
able to observe the course followed by a very heavy 
rainstorm which was proceeding. Although rain was 
falling heavily within approximately ^ mile of the hill 
upon which 1 stood, I observed that it moved round the 
hill, and followed almost exactly a course, approximately 
10 miles in length, which was associated with the three 
districts in which lightning trouble occurred. I notice 
that the author refers in his paper to the fact that " In 
mountain country, convection is assisted by the heating 
of the slopes (valley breeze) and the upward, deflection 
of warm damp winds,” and if the course of the rain¬ 
storm is the course followed by a lightning storm, as I 
imagine could well be the case, this would account for 
the localization of lightning along a path which is shown 
quite clearly by the fault map. 

I notice that the author states that earth wires have 
proved to be "reasonably” effective interceptors. My 
own experience leads me to think that this statement 
could be made even stronger, and to suggest that for all 
except direct “ strikes ” on to or very near to the line, 
an earth wire placed at the top of the tower, or pole, 
and above the phase conductors, is an almost certain 
safeguard against lightning trouble. On the system 
with which I am associated, the 33-kV lines are supported 
on steel towers, with an earth wire carried above the 
phase conductors and symmetrical about them. Until 
approximately a year ago the 11-kV lines were erected 
without a separate earth wire, earthing being carried 
out on each pole. There is only one case of lightning 
affecting the 33-kV lines, but a large number of cases 
where lightning has affected the 11-kV lines; in the one 
case on the 33-kV system I suspect that the trouble 
originated on the ll-kV line which was tapped from the 
high-voltage system, and, owing to the failure of the 
switch installed at the origin of the 11-kV line, the 
lightning trouble passed from the 11-kV into the 33-kV 
system, and burned out a 33-kV air-break switch on the 
steel tower. This, I think, is fairly positive evidence of 
the effectiveness of an earth wire placed above the phase 
conductors, and I am arranging for all 11-kV lines which 
have been erected in the past year, and which will be 
erected in the future, to have an earth wire carried above 
the conductors; I think it was a mistake not to do this 
in the first place. 

It is very difiicult to obtain proof of the effectiveness 
of lightning arresters. A number have been installed 
on the 1 l~kV system, but there is no positive knowledge 
that the arresters have operated, and only an approxi¬ 
mate view of their effectiveness can be obtained after 
a reasonable period of time, by comparing the number 
of lightning faults for, say, 2 years, with those which 
had occurred in the previous period of 2 years. This 
method is, of course, invalidated to some extent by the 
lack of knowledge of the number of lightning storms which 
have occurred during two periods used for comparison. 

The author states that an earth wire works less 
successfully on lines which have low insulation. I 
should like further information on this point, because, 
in his verbal summary, the author stated that the 
voltage induced in a conductor by lightning may be as 
high as 200 million volts. T cannot see that it matters 


very much whether a 33-kV line is insulated for 100 or 
2 000 volts if it is called upon to deal temporarily with 
a voltage as high as 200 million volts, 

Mr. H. S. Dransfield; I should particularly like, if 
possible, more information about ball lightning, whose 
mystery has always intrigued us. I understand that 
we still know very little about it, I have never been 
fortunate enough to witness it myself, but I remember 
a relative stating that, when working a morse instrument 
in a telegraph ofiice many years ago, he actually saw 
this phenomenon as a distinct ball of fire on the leading- 
in wire. He immediately made a hurried exit from the 
room, and shortly afterwards an explosion occurred 
which wrecked the instrument. It does seem, therefore, 
that there is good evidence for the occurrence of ball 
lightning, but I confess I can hardly visualize balls of 
highly charged ozone appearing through keyholes or 
cracks in doors, which I notice the author mentions. I 
would add that some years ago. in the course of some 
experiments with a 2 000-volt storage battery of Plante 
cells it was found that at one pole, with suitable contact, 
a phenomenon very similar to ball lightning on a small 
scale was produced. 

With regard to the protection of overhead lines, the 
author states that with ordinary lightning strokes some¬ 
thing is known of the space charges; but is anything 
known with regard to the effect of ball lightning on 
such lines ? One would expect something very different 
from the effect of a direct lightning stroke. 

Mr. R. H. Rawll: During the War I happened to be 
going up a hill when a fireball appeared to come down 
and hit the ground about 100 yai'ds away with a loud 
report. I went over to look at the spot and the only 
thing I could observe was a certain amount of flattening 
of the grass. The author states that “ Fireballs -which 
fall from the clouds usually hit the ground and explode,” 
Does this mean that there is little or no electrical charge 
in a fireball and that the explosion is simply a physical 
discharge of gas rather than a discharge of electricity? 
If this is so, a fireball hitting a transmission line might 
have a very different effect from that of an ordinary 
lightning stroke. 

Mr. E. A. Reynolds: The author gives a sound theory 
regarding the static charges in thunderclouds, and ex¬ 
plains how they are formed. I think, however, that he 
knows of experiments that have recently been made 
which prove that his theory of the negative base of the 
thundercloud is correct, although in this theory a loop¬ 
hole is left for those who hold that the base must be 
positive by the statement that there are probably 
centres of positive charge in the bottom of the cloud. 
The separation of positive and negative charges in the 
thundercloud through the upward current of air can 
apparently only take place in a freezing atmosphere, 
so that the water drops have to be turned into ice before 
the positive and negative static charges can be separated. 
If this is so, it would appear that tliis action cannot 
take place except in that part of the atmosphere where 
there is perpetual freezing, and therefore these clouds 
must extend to a very great height. It would be 
interesting to know the approximate depth of these 
clouds and the height from the ground of their bases 
during a thunderstorm. 
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With reference to the author’s remark about a number 
of animals being killed by one flash of lightning, I think 
it was the voltage gradient along the ground that was 
responsible for this. In the case of leakage from an 
overhead line to ground with a poor conductivity there 
is a very big voltage gradient radially from the point 
of contact with the earth, and animals have been known 
to be killed by a very small difference of voltage in the 
ground between their front and hind legs due to a com¬ 
paratively small leakage current. When we are dealing 
with currents of a few hundred thousand amperes the 
voltage gradient over a large radius is very great, and it 
is quite possible that all the animals that were standing 
more or less radially with respect to the ground point 
of the flash would have enough voltage across their legs 
to kill them: only those who were standing tangentially 
to this gradient would escape. 

The author gives some very interesting details of 
various experieirces of fireballs or thunderbolts, but gives 
no theory dealing with them, and unfortunately there is 
very little information on the subject available. It 
appears strange that up to this time no one has put 
forward any theory covering the formation of these 
phenomena, although they have been in existence as 
long as lightning itself. I should like to ask whether 
it is suggested that they are material bodies in some 
unstable form, or whether there are any other suggestions 
as to their composition. 

Mr. E. T. F. Onley : The author’s picture of a lightning 


flash assumes that it takes place between a cloud and 
earth. One sometimes sees a flash between two clouds, 
however, without any apparent continuation to earth. 
Am I to take it that one cloud is in series with the other 
on the way to earth and that the discharge passes through 
the second cloud and continues to earth at some distant 
point out of sight of the observer ? 

Mr. V. N. Halliday : In the author’s slide showing 
a lightning stroke hitting a tower well below the top 
of the lightning conductor, at the right-hand side there 
was a peculiar flash with a re-entrant angle or two in it 
which rather intrigued me. Also, in his photograph of 
lightning flashes to sand-hills with the buried ball in 
between, there wms one that flashed from the top of the 
sand-hill to the ball. I should like to know whether 
this occurs very regularly. 

Mr. R. M. Charley : A personal reminiscence may be 
of interest. In 1917 when returning from a patrol at 
about 15 000 ft. I wms obliged to pass through a thunder¬ 
storm, and the experience was rather alarming. On 
several occasions I flew in thundery weather, and I have 
vivid recollections of the very beautiful cloud formations. 
Usually there were detached mountains of white cloud 
extending from 2 000-3 000 ft. up to perhaps 16 000 ft. 
When the sun was shining a marvellous spectacle was 
seen while flying above and amongst such clouds. 

[The author’s reply to this discussion will be published 
later.] 


EAST MIDLAND SUB-CENTRE, AT LOUGHBOROUGH, 19TH JANUARY, 1937 


Mr. W. F. Furse: Sir George Simpson is of the 
opinion that the portion of a thunder cloud nearest the 
earth is positively charged, and Prof. Wilson proves it 
to be negatively charged. Does it matter, from the 
practical point of view, which of these theories is the 
correct one? One of the experts to whom the author 
refers mentions in his treatise what he calls '' A ” and 
“B” strokes: he regards one cloud floating above 
another cloud as forming a condenser, and calls a dis¬ 
charge between the two clouds an “ A ” stroke and a 
discharge from the under-side of the bottom cloud to 
earth a “ B ” stroke. On this theory the lightning is 
always regarded as passing from the cloud to earth, but 
the author does not hesitate to refer to a stroke from 
earth to the cloud. I should like to have his reasons 
for this assumption. 

Experience in this country shows that some districts, 
e.g. the Vale of Belvoir, have more trouble from lightning 
than others. 

As regards lightning-conductor design, if a lightning 
conductor is fixed to the highest point of a building 
what area relative to the height is supposed to be pro¬ 
tected ? The author states that it is not unknown for a 
flash to miss the lightning conductor altogether, but I 
assume that, providing the lightning conductor is well 
earthed and all external metalwork is bonded to the 
conductor system, the building will not be affected. I 
think it is far better to protect against lightning than to 
insure against the risk of damage. I believe absolute 
protection can be given if all metalwork is harnessed to 
the conductor system by a metal cage both inside and 
VoL. 81. 


outside the building, such as the Government specify 
for the treatment of explosive magazines. 

With reference to the difficulty in earthing met with 
in some parts of the country where there are non- 
conductive surfaces or dry subsoils, this can often be 
satisfactorily got over by sinking tubular earth con¬ 
nections, the top portion being fitted with a spout to 
which a water supply can be led (it may only be 
surface water). Within my experience earths have been 
sunk in this manner as low as 30-40 ft. below ground, 
until the proper stratum has been reached. 

Mr, J. P. Tucker: The author stresses the value of 
an aerial earth wire, but I should like to point out that 
the existence of such a conductor does not give one 
complete confidence during a lightning storm. Some 
undertakings have experienced less frequent outages 
after the aerial earth wire has been removed. Is this 
due to footing resistances ? 

The paper attaches little importance to claims that 
certain localities or objects receive an undue proportion 
of lightning strokes. I have a report here which seems 
to show that lightning has an affection for certain trees, 
the oak and,the elm being especially preferred. Has the 
author dismissed this question of preferred localities 
and objects too lightly ? 

I am impressed with the comparative immunity from 
lightning troubles of the very big mileage which exists 
of low-voltage overhead lines, and particularly with the 
small amount of damage done to consumers’ installations. 
Can the author explain why a lightning storm in a certain 
locality will bring out the circuit breaker on the e.h.t. 

4 
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system, witli no uncertain, force, and yet tlie 1 .t. overhead 
system in the same locality will be apparently unheeded 
by the lightning ? I have investigated several outages 
where the lightning has caused the e.h.t. pole transformer 
fuse to blow, but an inspection of the l.t. side and of 
both the outside and the core of the transformer has 
revealed nothing unusual. Surely such storm or power 
energy should show some indication of its path after 
flowing through the fuses ? 

Some years ago Prof. Boys suggested initiating light¬ 
ning strokes by shooting rockets into the thunderclouds, 
the rocket to have attached to it a fine conducting wire. 
Has such an experiment been carried out, and, if so, 
with what result ? 

Mr. A. Brookes: Direct lightning strokes on com¬ 
munication lines for telephones and telegraphs are of 
rare occurrence compared with inductive effects due to 
thunderstorms. These may give very steep wave-fronts 
on redistribution at the time of the flash, perhaps a mile 
or so away. Owing to transposition of the lines these 
are well balanced and the induced voltages developed 
on the telephone circuits are relatively small, although 
they may reach high values from lines to earth. Heavy 
chokes or discharge coils with centre points earthed are 
used at the ends of the line to dissipate the induction 
charges without causing damage to exchange apparatus 
or giving loud clicks in receivers. These coils are 
arranged to give a heavy bridging impedance for speech 
and carrier currents, but low impedance to earth from 
lines in parallel. Such coils are used to minimize the 
efiects on the terminations and not to attempt to drain 
the whole line, and are generally restricted to one at 
each end, vdth possibly one in the centre of a long line, 
so as to minimize the speech degradation. 

Regarding the distribution of charges in a cloud, 
whichever theory one takes, the prime factor appears to 
be the concentration of charge, e.g. the posith^e charge 
may be concentrated at one region of the cloud and the 
negative charge spread through a large proportion of the 
body of the cloud, which is probably what occurs. 

I should like to know the author’s views on the 
streamer patii—^whether this consists of electrons or 
ions. In a lecture on lightning which I gave some 
20 years ago, I mentioned this sti'eamer path and stated 
that it was due to the flow of electrons as brush 
streamers, which ionized the air path and thus allowed 
the rush of positive ions to cause the spark. The 
stepped leader type of stroke was not then known. The 
positive and negative Lichtenberg figures included in Dr. 
Dunsheath’s Address* as Chairman of the Transmission 
Section are interesting in this respect. 

There is still controversy as to the correctness of 
Simpson’s and Wilson’s theories, and I think the author 
is correct in his statement (page 4) that phenomena in 
actual thunderstorms are more complex than has been 
suggested by either. * More requires to be known about 
the insulating properties of a thundercloud and the 
spread of the potential variations. 

There is one point which I should like to cover, a.nd 
that is the growth of potential with coalescence of drops. 
We know that electrical charges are generated when 
drops are broken up by the ascending air stream. Those 

* See vol. so, p, 21. 


droplets coalesce higher up and, owing to their increased 
weight, fall, to be again broken up and further charged 
as they are driven upwards, where they again coalesce 
and fall towards the storm centre, and so on. Wlien a 
flash occurs some of the charge is released, thus allow¬ 
ing the large drops to fall, giving the heavy downpour 
generally following a flash. Now if we consider eight 
charged droplets coalescing to form one larger drop, 
the total volume of water is unchanged except for 
evaporation, which would only exaggerate the effect, 
and as the volume of a sphere is proportional to r** the 
new drop will have twice the radius of the original 
droplet and so twice the capacitance; hence the potential 
will increase by Q/r = 4 times. I think this point has 
some bearing on the creation of higher potentials, as a 
drop may be formed from a considerable number of 
droplets. 

Is there any necessity to consider a second leader 
stroke for a multiple flash? The latter could readily 
follow the lowered resistance of the ionized path, as it is 
hardly conceivable that such a path would be completely 
discharged. 

Mr. Purse’s remark, to the effect that it is unimportant 
whether the potential of the storm centre is positive or 
negative, may have some bearing on the action of a 
lightning conductor. If it be considered that negative 
electrons pass into the conductor then the latter carries 
the energy of the flash, whereas if it be considered that 
the electrons pass up the conductor the action of the 
latter may be to relieve the potential stress around the 
conductor as it builds up, and so tend to cause the flash 
to take place elsewhere. 

Mr. J. H. R. Nixon: Experience shows that the 
transmission lines which suffer most from flashover are 
11-kV and 6-6-kV lines; the lower-voltage and higher- 
voltage lines seem less susceptible to damage. In the 
former case this is no doubt due to the position of the 
lines and to the margin of safety in the insulation, which 
is chiefly governed by mechanical factors, for the failure 
of the insulators depends on the follow-up of the power 
current subsequent to flashover and this does not appear 
to occur so readily on low-voltage lines as on those of 
11 kV. The, higher-voltage lines have insulators with 
high impulse breakdown voltage, and this is frequently 
high enough to withstand flashover during lightning 
surges. 

I wish to enlarge a little on the author's remarks on 
the mechanism of the flashover on transmission lines, 
and to consider the effect on connected apparatus. 
When lightning strikes the line a surge is set up which 
travels' in both directions. When this reaches an 
insulator with a lower impixlse breakdown voltage than 
the amplitude of the surge, flashover results. Flashover 
may not in itself cause serious damage—^it depends on 
the point of the wave of the power voltage at which 
flashover of the insulator occurs. For example, if a 
flashover occurs at a zero point of the voltage wave then 
the power current will not follow and no damage will 
result. If, however, the flashover occurs at the maxi¬ 
mum point of the power voltage wave then the power 
current may travel along the path of the flashover, and 
damage to the insulator may result. The amount of 
damage will depend on the action of the protective gear. 
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When the surge reaches connected apparatus such as a 
transformer or a machine, owing to the change of surge 
impedance, and to the relatively high frequency, the 
voltage momentarily piles up on the end turns of the 
transformer or machine. Has the author experimental 
or theoretical knowledge of the voltages that may so 
occur, and can he suggest a practical basis for calculating 
the magnitudes which are encountered ? 

If an overhead line is connected to an underground 
cable, protection is to some extent secured to apparatus 
at the end of the cable. Can the author give information 
as to the surge impedance of lead-covered cable and the 
extent of the protection thereby afforded against over¬ 
voltage on connected apparatus ? 

The paper contains various references to surge cur¬ 
rents, and mentions magnitudes of 50 000 and 100 000 
amperes. Some authorities have stated the current 
following from a lightning stroke to be of the order of 
half a million amperes. Will the author please indi¬ 
cate whether an upper limit of current has been 
established ? 

As stated in the paper, the deductions of surge im¬ 
pedance are little more than a guess. On that basis a 
structure of calculation is raised which gives voltages of 
the order of 12 million volts. I hope that the author 
will continue his researches to the point where results 
may be predicted with reasonable accuracjn The im¬ 
pression is that, as in the problem of the age of the 
earth, calculation gives figures of such high order of 
magnitude that errors of a few hundreds per cent are of 
no importance. It will, however, be a step forward if 
only the upper and lower limits can be established. 

Mr. R. C. Woods: Some 20 years ago the company 
with which I was associated had a telegraph and tele¬ 
phone route over exposed moorland in the North of 
England which was continually subject to apparatus 
damage in thunderstorms. The difficulty of obtaining 
reliable pole earths was suggested as a coirtributory 
factor, and an experimental guard wire was run on the 
pole saddles and well earthed at both ends. No recog¬ 
nizable benefit was obtained over a period of 5 years, 
however, and the experiment was therefore abandoned. 

Dealing with the question of proneness to lightning 
troubles, I would instance the case of a farmhouse lying 
in a small valle37- a few miles north of Derby, which has 
had one of its two stone chimney shafts struck seven 
times. This shaft has been rebuilt four times, yet the 
other shaft, of the same height, is immune. Local 
householders consider themselves safe, as only this one 
house has been struck within living memory. Can the 
author suggest an explanation ? 

In the open country of Norfolk—^well-wooded farm 
land and forest—^there is a saying that the only safe 
tree to shelter under in a thunderstorm is the haw¬ 
thorn. 

From the paper it would appear that a dangerous 
surge in a conductor, due to lightning, has a time factor 
of only a few microseconds. We are at times asked to 
provide, in addition to the telephone protective equip¬ 
ment, for special protection against lightning effects 
(arresters, chokes, and gas discharge tubes), a relay 
which will be operated by the functioning of' these and 
will earth both lines. As a light relay will have a time- 


lag of, say, 6 milliseconds, and one capable of earthing 
large currents will have a much greater lag, the value of 
this device appears to be very doubtful. I should 
appreciate the author’s opinion on this point. Unlike 
power lines, telephone lines employ no voltages much 
above 100 volts in service, so that the system itself will 
not contribute any power to follow up a flashover. 

Mr. N. H. Bentley: In the photograph of a lightning 
flash taken by Dr. Allibone* the discharge appears to 
strike the steeple some distance from the point. Has 
the author any reason to put forward for this? Is it 
possible that the impedance of the air path was much 
less than that of the lightning conductor, owing to the 
inductance of the latter ? On the right-hand side of the 
photograph there appears a rather curious looped flash, 
and I should like to have the author’s explanation of 
this discharge. 

The Boys camera is mentioned in the paper as having 
lenses revolving at a very high speed, whereas I gather 
from the author’s description that a high-speed film 
was used in it; I should like to have a few more details 
of the camera. 

Referring to the formation of leader strokes, what is 
the approximate duration of the ionized path, i.e. how 
long does it take for this path to decay if the charge has 
disappeared ? 

Mr. J. D. Pierce; There is one point of particular 
interest to me which the author passed over rather 
quickly—^the question of the point where lightning is 
most likely to strike. He showed in one of his slides 
lightning striking a conductor halfway down. I have 
had a case to investigate quite recently which was 
somewhat similar to that of a tree struck at the base of 
the Liflel Tower, but on a smaller scale. My case 
occurred at one of the C.E.B. substations, where there 
is a great deal of steelwork, etc., all round, and there 
were three flashes in very quick succession: one of them 
hit the tower just outside the substation; the second went 
to earth on the structure; and the third hit an oak post 
about 40 ft. from the substation, 50-60 ft. from the base 
of the 60-ft. steel structure, splitting the post in two 
and throwing one part of it on to the access road. 

I should be very glad to have an explanation of this 
phenomenon. 

Mr. J. F. Driver: Will the author give us his views 
as to the energy in a lightning stroke ? Various investi¬ 
gators have given figures varying from 2 • 5 kWh to as 
much as 6 000 kWh. In view of recent experimental 
work it would be interesting to know what is now con¬ 
sidered the probable figure. 

The author has shown on the screen one oscillogram of 
a lightning stroke, the wave-shape of which appears to 
differ from that of the usual curves obtained in the 
laboratory from a normal impulse generator. A number 
of oscillograms have been published in America which 
are more like the “ laboratory” shape. Is the photo¬ 
graph he has shown tjjpical of lightning, or is it in the 
nature of a freak ? 

Transmission engineers would be glad to know what 
proportion of the surges on transmission lines arise from 
direct strokes and what from inductive disturbances due 
to lightning strokes at a distance. 

* Shown as a lantern slide at the meeting. 



52 


GOODLET: LIGHTNING: DISCUSSION 


A theory has been advanced that animals, including 
man, to some extent ionize the air, rendering themselves 
more susceptible to lightning shock. It is certainly 
surprising how often people are killed in moderately 
open spaces, whilst in the surrpunding district there are 


trees, buildings, and hills, which surely should offer a 
better target for the lightning stroke. 

[The author’s reply to this discussion will be published 
later.] 


WESTERN CENTRE, AT BRISTOL, 8th MARCH, 1937 


Prof. David Robertson: Simpson’s theory accounts 
for the generation of a difference of potential between 
parts of the atmosphere, whilst Wilson’s only accounts 
for the amplification of one which already exists. It is 
probable that both actions play their part in the pro¬ 
duction of lightning. Wilson’s picture, as given by the 
author, requires some modification. Attractions and 
repulsions by the induced charges on the falling drops 
can only have a small effect on the motion of the ions, 
for these drops can only increase the electric field in 
a ratio not greatly different from that of the spacing of 
the drops to the clear distance between them. But 
these attractions and repulsions are not necessary to 
the theory. Since the drops are falling, they will 
naturally collect more of the negative ions coming up 
to meet them than of the positive ions moving with 
them. Since the drops presumably start with a positive 
charge from the cloud, the Wilson action must first 
discharge them before they begin to acquire a negative 
charge. When a field exists below the cloud as shown in 
Fig. 1, the Wilson action will be reversed in those drops 
which fall out of the cloud, intensifying the p.d. between 
the cloud and the earth. These drops will be negative 
as they leave the cloud, will get discharged as they fall, 
and then become positive if the cloud is high enough. If 
the cloud be low, they will reach the ground before the 
negative charge has all been dissipated, but if it be high 
their charge will be positive. Hence, the sign of the 
charge brought down by the raindrops reaching the 
ground gives no sure indication of the charge on the 
cloud itself. If the field-intensity graph in Fig. 2 is 
intended to show that in the vertical line through the 
upright rod, it ought to show zero along the height of 
the rod. The author should explain what the arrows 
in Fig. 3 stand for. If it is the direction of the current, 
they should be reversed; or, if it is the direction of the 
propagation of the flash, should they not extend outwards 
in both directions from the centre where the flash started ? 

In connection with the bursting of timber and other 
moisture-containing materials when struck by lightning, 
the pressure of the steam generated by the heat of the 
current would appear to be sufficient to account for the 
observed facts. 

The statement that all heavy metalwork in a building 
should be sohdly bonded together must not be taken 
literally. In the case of a church the tower or spire 
to which the main lightning conductor is fixed is the 
part most likely to be struck, and each time it is struck 
very large voltages will exist momentarily between the 
rod and earth because of the impedance of the rod itself 
and the resistance of its earth connection. No other 
metalwork, other than external metal on the tower 
itself, should be connected to the main rod or to its 
earth plate, and, especially, the lightning-rod earth 
should on no account be used for earthing the electric 
conduits or other interior metal. If other external 


metal is also in danger of being struck, it should have 
a separate earth. Otherwise there is danger of flashing, 
with possible danger of fire, at unexpected places. I am 
acquainted with two instances in which alarming flashing 
was seen inside a building owing to a length of conduit 
having been earthed to the lightning rod. Fortunately 
there was no damage. 

The theory of Section (1) (a) recalls a paper published 
in 1900 in which I showed that the adiabatic lapse rate 
was the limiting one for vertical equilibrium of the 
atmosphere.* As I was then interested not in thunder¬ 
storms but in the down-draught in a chimney, I did not 
get as far as the greater tendency to instability with 
moist air. 

Mr. T. W. Mackay: I am satisfied to belong to the old 
school of thought, and regard lightning and electrically- 
charged cloud formation as being impressed from above, 
rather than accept that it is initially due to thermo¬ 
dynamic effects. I am inclined to favour the theory pro¬ 
posed by Dauzere, which was no doubt stimulated by the 
deductions and experimentations by Hallwachs, who 
found that ultra-violet rays had the power of causing the 
negative charge to leak away from the charged body. 
Ultra-violet light is an active agent in the upper reaches of 
space, and it is therefore rational to assume that it plays 
an important role in the formation of a thundercloud. 

I agree with the author as to the existence of lightning 
trouble zones. I have in mind two quite separate areas 
of this sort, about 1 mile behind and approximately 
parallel to a river bank, on the side facing the prevailing 
wind. I am of the opinion that these trouble zones are 
not caused by the river, but are due to the particular 
formation of the river banks and the depth of subsoil 
over the rock formation. When intense evaporation 
takes place from the river, the banks add little to the 
total migration of aqueous vapour into the upper space, 
apart from assisting the upward movement by the heat 
radiation from the rockbound river banks. This upward 
movement, combined with the prevailing wind from a 
“ cold front ” against the cold dry air falling in at the 
bottom of the column, stretches diagonally upwards in 
the direction of the prevailing wind in a horizontally 
projected distance about 1 mile beyond the river. This 
effect is not so noticeable where the river is low-lying, 
where there is wet and moisty land, or under conditions 
where there is no abrupt change in the evaporation. 
It is reasonable to argue that the ionization will be 
greatest along the " cold front ” plane, and that there 
is a great probability of a semi-conducting zone being 
the path of lightning discharges from the charged clouds. 

With reference to the shattering effects of a lightning 
flash, I have had the opportunity of examining two 
32-ft., 10-in. red fir, creosote-impregnated poles that had 
apparently taken a direct hit. The shattering was 

* “ On the Equilibrium of a Column of Air and the Atmospheric Tem¬ 
perature Gradient," Proceeiiings of the [Royal] Philosophical Society of Glasgow, 
1900, vol. 31, p. 140. 
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typical of an internal explosion, as it had burst the 
longitudinal fibres, leaving them looking very similar 
to a loosely hooped barrel. The maximum radial dis¬ 



placement had taken place about half the height of 
the pole above ground. The disruption was no doubt 
due to a combination of thermodynamic and electrical 
events, the first caused by vapour pressure in the core 
of the pole and the latter by the mutual reaction of the 
current from the core of the outer boundaries of the pole. 

In dealing with the theoretical side of his subject the 
author assumes fixed values for the line constants, 
despite the facts that the resistance of any conducting 
medium increases very rapidly with frequency and that 
corona effects enter into the problem at voltages depend¬ 
ing on the physical dimensions of the lines, between 200 
and 300 kV. In each of the two cases the energy loss is 



Fig. K 


non-reversible and thus influences the velocity of propa¬ 
gation of waves in wires to a marked degree. I am 
particularly anxious that full recognition be given to these 
facts, since my own method of surge-arresting, which I 
am about to describe, depends entirely upon the resultant 
effect of displacement and attenuation of waves in 
parallel lines having’different prescribed constants. 


Heaviside’s anatysis of the propagation of waves in 
wires and cables gives an equation of the form 

— .S/je-“*(cos cot — I3x) 

where a is known as the attenuation factor and ^ as the 
wave factor, and each is a function of L, C, G, and 
This equation is based upon the assumption that the 
wave obeys the harmonic cycle, which is, of course, open 
to grave doubt; nevertheless, it serves to illustrate 
clearly my theory. The method of surge-arresting 
which I would put forward consists in introducing a 
second line, insulated from, and below, the original 
line, on the same string of suspension insulators, as 



shown in Fig. J. Fig. K illustrates in more detail the 
arrangement; it is anticipated that the elementary 
gap will be effective in dissipating the extraneous 
surge energy. Fig. L represents propagation curves, 
for a surge voltage applied to such an arrangement. 
Initially the voltage amplitude is the same for the two 
conductors at any point, but owing to the parallel line 
having widely different constants the amplitude of the 
decrement and also the phase relationship becomes 
different for each conductor. Thus a voltage-difference, 
as illustrated in Fig. M, results, and this is, in effect, a 
rheasure of the surge energy. 

The above general treatment may be criticized since 
a doubtful harmonic function for the propagation has 
been assumed; but even if the wave voltage is derived 
by equating the power dissipated in an elemental length 
of line, namely 

dx -J- e “(7 dx watts 
the value is given by 

and it will be noted that the rate of change of the above 
is 

de z / r 

dx 2\x^ 



Thus, if the line constants are different, the rate of 
change of the voltage-rise is again different in the 
respective lines, and a difference of potential is obtained 
across the horn gaps. 

It should be noted that under normal load conditions 
each parallel phase line will accept load current in invei-se 
proportion to its impedance. A further interesting point 



+ 
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is that the extraneous surge energy is radiated from the 
lines across the gaps. It is not radiated to an earth 
circuit, and therefore cannot di'aw a power arc. I am not 
in a position to carry out extensive tests on the foregoing 
idea, but I recommend it to anyone sufficiently interested 
to find out whether such an arrangement is effective. 

I would ask the author whether he thinks the Petersen 
coil is effective in suppressing flashes to earth in an 
interval of 6 to 16 microseconds, since all inductive 
apparatus behaves, over the first interval of a surge, like 
a condenser. In the case of the Petersen coil I submit 
that the reactive voltage will not have had time to 
build up to oppose the capacitance effect of the two 
sound lines in vector combination. I have studied 
oscillograph records of the functioning of a similar 
equipment, the compensated reactor, and although both 
equipments are effective in dealing with any power 
arc that tends to follow the initial" spit-over,” I hesitate 
to believe that either can function in suflicient time to 
deal with transient surge absorption. 

Mr. R. W. Biles: The engineer is concerned with the 
means for diminishing the effects of lightning discharges 
upon power supply systems, and in this connection the 
author’s comments upon tower footing resistances are 
helpful. Recent experiences, however, tend to show 
that towers having resistances lower than 10 ohms, 
with 9 cap-and-pin insulator units, are vulnerable to 
flash-over, there being little or no distinction between 
them and towers with higher footing resistances. I be¬ 
lieve the E.R.A. are concentrating their attention upon 
determining the surge impedance of the tower itself. 

The author refers to the existence of danger spots, and 
I think it can be agreed from observations which have 
been made that certain localities are more prone to 
lightning discharge than others; in particular, in the 
S.W. England and South Wales area, judging from the 
records of flashover on 132-kV and 33-kV lines, the land 
in the vicinity of the north and south coasts of the 
Bristol Channel appears to have been affected more than 
other parts. On the other hand, the effects of lightning 
appear to be much less in Cornwall, where experience 
over the past 3 years shows the grid system to be practi¬ 
cally immune from such troubles. 

In view of the obvious damage which might occur to 
expensive terminal apparatus, certain precautions have 
been tried with a view to improving security of supply, 
namely the fitting of co-ordinating gaps, to allow the 
sparkover to occur outside a transformer rather than 
inside. These have proved of value in many instances. 
The additional precaution is sometimes taken of switching 
out one transformer of a pair on the approach of a 
thunderstorm. Expulsion gaps have been applied at a 
number of points, but the results have been of a mixed 
nature. 

The author does not refer to the effect of indirect 
strokes, and I think it is obvious that if devices can be 
applied which will deal with the discharges occurring 
from strokes of this type, which in almost every case 
cause no damage whatever to a transmission system, 
we shall go a long way to removing most of our difficulties. 

Mr. W. C. Bowler; The subject dealt with in the 
paper is being tackled on the Continent to a very great 
extent, as we found when the Transmission Section 


visited France last year. We were informed by the 
French engineers that they had done and were doing 
a tremendous amount of experimental work in connec¬ 
tion with this subject. M. Ailleret informed us that 
three of the bulk-supply concerns had co-operated in 
this matter and had spent £6 000 in a mobile outfit for 
maldng tests throughout the country. Their experience 
was that certain types of ground, owing to emanations, 
were more liable to lightning than others. They found 
that a transformer substation which had constantly 
been struck by lightning, was freed from further light¬ 
ning trouble by being moved some 700 yards to 
another position. It is now their practice, in planning 
grid lines, etc., to make a survey with the travelling 
laboratory and build the Ime in accordance with the 
results of the experiments carried out. I should like 
to ask whether any similar tests have been carried out 
in this country. 

Mr. R. C. Golding: I should like to ask whether the 
author has noted any phenomena which would tend 
to suggest that a live line possesses any particular 
property of attracting or, in the opposite direction, 
initiating a lightning discharge. There is no doubt that 
the incidence of lightning strokes in a given district 
hitting or affecting lines is higher than the proportion 
of the total storm area covered by that line, and it would 
seem to be possible that, owirrg to some static effect of 
the line, this might at least tend to offer some attraction 
for the stroke. 

From the author’s photographs of impulse discharges 
it appears that it is not difficult to arrange for these 
to flash-over continually to a spot located within very 
narrow bounds, and some interesting results should be 
obtained by bringing a highly insulated wire close to the 
path of the discharge and measuring the surges set up. 

With regard to the possibility of geological structure 
affecting the path of a direct stroke, evidence supporting 
this was given in the case of an 11 000-volt line passing 
over the crest of a hill down into a valley. When the 
line was struck, the flash-over regularly took place 
about a quarter of the way down the slope—^missing 
the line over the crest—even after the affected section 
had been fitted with 20 000-volt insulators. 

I doubt whether tower footing resistance, within the 
limits found in practice to-day, has much effect on 
lightning incidence. I instance the occasion when I 
viewed the remains of an “A” pole which was fitted with 
a lightning conductor, where the resistance down one 
leg to earth after being struck was 6 ohms. The evidence 
pointed to the lightning stroke having followed the 
following path: hitting the point of the lightning con¬ 
ductor, it followed this down for about 18 in., then passed 
along the securing bolt at the apex of the pole—-to the 
leg remote from the conductor. This it split downwards, 
till it reached the anti-climbing guard of barbed wire. 
Following this in a spiral round the pole, leaving burns, it 
continued down the pole to within 2 ft. from the ground, 
where it apparently jumped 3 ft. to a wire fence on 
reinforced-concrete poles—^finally destroying a pole some 
20 yards away, 

[The author’s reply to this discussion will be published 
later.] 
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THE AUTHOR’S REPLY TO THE DISCUSSION BEFORE THE INSTITUTION 


Prof. B. L. Goodlet [in reply ): My aim in writing this 
paper was to cover all aspects of the subject in a pro¬ 
vocative manner, so as to draw expressions of opinion 
both from practical engineers and from physicists and 
others interested in lightning, mainly from the scientific 
standpoint. I consider that this obj ect has been attained; 
I thank all contributors to the discussion and I apologize 
for my inability to reply adequately to many of the 
questions raised. 

The remarks of Sir George Simpson, Dr. Whipple, 
Mr. Watson Watt, Mr. Scrase, Mr. Lutkin, and Sir 
Charles Boys, are valuable contributions to knowledge. 
As Sir George Simpson says, the results of his observations 
set at rest several of the problems discussed in the paper, 
and I hope I may be permitted to express my admiration 
for the direct and masterly way in which he and his 
assistants have attacked the difficult problem of the 
electrification of thunderclouds. If, however, it is correct 
that these observations have failed to detect any strong 
electric fields, I hope that they will be continued, because 
it appears to me incredible that a lightning flash can be 
initiated otherwise than by a strong electric field. 

Sir Charles Boys’s work on lightning is well known; 

I am particularly interested in the observation on ball 
lightning quoted. Water " too hot to put one’s hands 
in ” is probably over 60° C.; if the initial temperature 
was 10° C. we get for the minimum energy 2 000 Ib.- 
deg. C. or 3 800 kW-sec. If we assume that all the 
water in the butt was raised to 100° C. and that 4 lb, of 
water was actually evaporated, the energy becomes 
10 940 kW-sec., which is identical with Prof. Thornton’s 
estimate of the energy of a fireball—^viz. 8 million ft .-lb. 

I find it hard to account for such a large amount of 
energy on Mr, Kilburn Scott’s nitrogen-dioxide hypo¬ 
thesis, but I am a bad chemist and it may be possible 
to do so. I leave the problem to persons better qualified 
than I am to decide. 

Dr. Miller suggests that the step development of the 
leader stroke may be due to cascading in the cloud. 
The possibility occurred to me when writing the paper, 
but I consider the explanation I gave verbally to be more 
satisfactory. In reply to Dr. Miller’s remarks on the 
influence of tower surge-impedance and rate of rise of 
current on the tower-top potential, I would say that 
when footing resistances are very low I agree that the 
tower surge-impedance determines the tower-top poten¬ 
tial. I would, however, remark that' if tower surge- 
impedance was always the controlling factor the number 
of flashovers would not be decreased by reducing footing 
resistances, whereas practical experience shows that 
reduction of footing resistances is usually beneficial. 
In estimating the probability of flashover, the duration 
of a voltage peak as well as. its magnitude must be 
considered, and the high potentials produced in this way 
last for only small fractions of a microsecond. 

Dr. Miller’s suggestion regarding the production of 
steep-fronted waves by slow-fronted lightning strokes 
is most interesting. The surprising thing to me, 
however, is not that there should be discrepancies such 
as he mentions, but that anyone should imagine that 
cathode-ray oscillograms of transmission-line surges are 


in any way an image of the wave-form of the stroke itself. 
Suppose, for example, that the current in a stroke rises 
to a maximum of 60 000 amperes in 5 microseconds; 
if this stroke falls on a line conductor of 500 ohms surge 
impedance a wave of front slope 2 600 kV per micro¬ 
second will be propagated down the line in both directions. 
If flashover occurs when the voltage reaches 2 600 kV, 
a cathode-ray oscillograph connected to the line will 
record a wave of only 1 microsecond front; only in the 
rare case of a very weak stroke which does not cause 
flashover will the cathode-ray oscillogram be a true 
record of the stroke wave-form. If the stroke falls on 
a tower or earth wire, an oscillograph connected to a 
line wire can record only induced voltages, or voltages 
resulting from flashover. In the latter case the " wave 
front of the lightning surge ” will be determined by the 
time of breakdown of the flashover path concerned! 
This is, of course, the case to which Dr. Miller’s three 
oscillograms refer. Considerations of this kind have led 
me to a conclusion I'ather at variance with many peoples' 
ideas—^that if one wishes to obtain reliable information 
regarding the magnitude and time variation of current 
in lightning strokes the last place to look for it is on 
a transmission line! 

In reply to Mr. Mortlock, I would say that I regard bis 
suggestion as quite reasonable, and I have made use of 
this idea both in my verbal exposition of the paper and 
in explaining shocks received from metal objects when 
a flash strikes close by (see page 10, last sentence in first 
column). 

The theory in connection with 6(&) is given for a unit 
function wave, and the modifications needed to take 
into account a sloping wave-front are hardly worth 
mentioning. Most of the diagrams in the paper have, 
indeed, been drawn for both cases. 

It remains for me to reply to my critics. Mr. Wilkinson 
takes me to task about the surge impedance of the 
lightning channel. If he will refer to pages 12 and 18 
of the paper he will find that I have at least not wandered 
blindly into error—indeed his remarks read almost like 
a paraphrase of my own, I would point out that the 
surge impedance of the lightning channel does not play 
a very important part in the analysis, because I have not 
discussed the propagation of waves along the channel 
itself. All I have assumed is that the channel feeds 
current into the point struck and that waves returning 
to this point experience reflection; the surge impedance 
of the channel certainly affects the magnitude of the 
reflection coefficients, but not very much unless the 
channel impedance is much smaller than the other 
impedances concerned. I would also point out that the 
analysis is equally valid if the channel reacts as a pure 
resistance. Finally I would ask Mr. Willdnson whether 
he can suggest any other way of attacldng the problem 
and whether my way is at least not better than that 
adopted by many previous writers, which is to discuss the 
travelling waves produced by lightning and ignore com¬ 
pletely the manner of their formation. 

Mr. Norris’s remarks read rather like an attack on the 
use of mathematics in the solution of physical problems. 

If this interpretation is correct, I will leave the reply to an 
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abler pen and ask him to read paragraphs 8, 9. and 10, 
of Oliver Heaviside’s “ Electromagnetic Theory ” (vol. 1, 
pp. 7 to 9). 

In regard to the use of the most frequent value of a 
quantity (which is not usually the average value) as a basis 
for design it seems to me that this practice has much to 
recommend it. Use of the maximum value has to be 
justified on the economic basis of the relative cost of an 
occasional failure compared with the capital investment 
necessary to prevent it. 

Mr. Taylor does not believe that ionization near 


ground-level can be produced by point discharges from 
earthed objects in the field of a thundercloud. He has 
evidently not read reference (6) of the paper. His next 
remark suggests that he has never heard of the dark 
discharge (see, for example, Whitehead’s “Dielectric 
Phenomenon,’’ vol. 1, p. 155). His suggestion that 
ionization under a thundercloud is due to the descent of 
electrified air or heavy ions is surely not based on the 
idea that heavy ions settle under gravity ? His ideas in 
this matter are not expressed sufficiently clearly for me 
to be able to reply. 
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SUMMARY 

The paper discusses the performance of noise meters, 
such as are used for engineering measurements, in terms 
of the primary standard of “ Equivalent Loudness ” which 
has recently been formulated. The unit of equivalent 
loudness is the British Standard Phon. The technique for 
the basic determination of the equivalent loudness of a noise 
IS discussed, and the Phon values for a number of specific 
noises of importance in engineering are given. The funda¬ 
mentally important equal-loudness relations for pure tones 
of differing frequency are considered, and the results of some 
direct determinations in the free field are given. The 
performance of subjective noise meters is then examined 
for noises of various types. A meter using two telephone 
receivers, which offers some advantage over the more usual 
types, is described. The performance of the objective type 
o meter is also examined. The measurement of noise 
a.ssociated with irregular sound fields is briefly discussed. 
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(1) INTRODUCTION 

During the past few years much data and experience 
in the intricate subject of noise measurement have 
accumulated and a clearer grasp of essentials has been 
obtained. However, the interchange of ideas and 
data, and hence progress in the art, has been hampered 


by a lack of authoritative definition of the various 
terms and units employed, particularly with respect to 
loudness. To electrical engineers this is an important 
matter, since the measurement of noise arising in engi¬ 
neering is essentially the measurement of the loudness 
of a complex sound. Since loudness is a sensation and 
not a physical magnitude, its definition and measure¬ 
ment involve subjective considerations, such as the 
manner in which the sound is heard. Until such factors 
were specified, a foundation could not be laid upon 
which a consistent and dependable system of noise 
measurement adequate for engineering purposes could 
be built. Hitherto, apart from terminological confusion, 
each t 5 ipe of portable meter which may be used for 
engineering measurements has had its own peculiar and 
arbitrary basis of calibration. Hence, though the term 
' decibel ” may be used for each, the indications of 
different types of meter may differ considerably for a 
given noise. 

An important step towards removing these difficulties 
has been achieved by the work of the British Standards 
Institution. An authoritative glossary* of acoustical 
terms and definitions is now available, to which it is 
hoped all workers in the field of acoustics in this country 
will conform. During the formulation of the definitions, 
consultation took place with other national bodies with 
a view to eventual international agreement. The 
definitions provide, among other things, the basis of a 
primary standard for noise measurement, in terms of 
which noise meters of any type may be calibrated. 
A new noise unit, the British Standard Phon, has been 
adopted, the term denoting that a noise value so desig¬ 
nated has been derived, directly or indirectly, in 
accordance with the specified conditions. 


(2) THE BRITISH STANDARD PHON 

Loudness is defined as: “ That subjective quality of a 
sound which, in general, increases regularly with the 
intensity within the limits of audibility.” A true or 
natural loudness scale is such that when the number 
of units on the scale is doubled (or trebled), the 
magnitude of the sensation experienced b}'' normal 
listeners is also doubled or (trebled), The existence of 
such a scale has been established by the correlationf 
of experimental data published by independent in¬ 
vestigators who have sought to discover the scale. 

Fundamentally, the magnitude of a noise is expressed 
by the magnitude of the standard reference tone which 
to a normal listener sounds equally loud. It would 

! Glossary of Acoustical Terms and Definitions, B.S.S. 661—1936. 

1 c G. CHURCHEii: /oMmal of'tlte Acoustical Society of America,'■ 1935, 
p 405 Fletcher: /oKmal of the Franklin Institute, 1936, vol. 220, 
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therefore seem natural to quote the loudness of the 
reference tone as a measure of the noise magnitude. The 
numerical values assigned to noises of difierent magni¬ 
tudes are then in accord with the magnitudes of the 
loudness sensations evoked in normal listeners. In 
many practical engineering problems it is advantageous 
to express noise magnitudes in this form. 

However, the magnitude of the reference tone is 
ascertained initially from its observed physical intensity, 
which is conveniently expressed on a logarithmic scale. 
Thus the intensity level is expressed as the number of 
decibels above a stated reference intensity. In technical 
work it is often sufficient to express noise magnitudes in 
terms of reference-tone intensity-levels without con¬ 
verting them to loudness values. The numerical values 
thus obtained do not correspond even roughly to the 
sensation magnitudes experienced, as the value of the 
logarithmic scale lies in its mathematical and instru¬ 
mental convenience rather than in its relevance to the 
laws of audition. 

The adoption of the term ” Equivalent Loudness ” for 
the physical intensity level of the reference tone enables 
it to be distinguished from loudness. It is defined as 
follows:—"The equivalent loudness of a sound is 
measured by the intensity level relative to some accepted 
reference intensity of a standard pure tone of specified 
frequency, which is judged by a normal observer to be 
as loud as the sound." 

The unit of equivalent loudness, the phon,* is defined 
as follows;— 

" The standard tone shall be a plane sinusoidal sound 
wave train coming from a position directly in front of 
the observer and having a frequency of 1 000 cycles 
per sec. 

“ The listening shall be done with both ears, the 
standard tone and sound under measurement being 
heard alternately. . . . The intensity level of the standard 
tone shall be measured in the free progressive wave. 
The reference level shall be taken to be that corresponding 
to an r.m.s. sound pressure of 0*00021 dyne per cm? 

" When, under the above conditions, the intensity 
level of the standard tone is n decibels above the stated 
reference intensity, the sound under measurement is 
said to have an equivalent loudness of n phons.” 

It is important to note that the definition envisages a 
normal mode of listening, i.e. with both ears while facing 
the source, and avoids abnormal conditions, such as 
that of listening to two sounds simultaneously. Hence 
the conditions chosen may be expected to lead to results 
which are valid for practical purposes. Further, the 
conditions, while not corresponding to those adopted by 
the German Committee, correspond closely to those 
adopted by the U.S.A. Committee, J thus making British 
and U.S.A, equivalent-loudness (E.L.)§ data directly 
comparable. So far as the authors are aware, the 
■precise relation between German and British bases has 
not yet been ascertained. The alternate listening 

* The phon here defined differs slightly from that originated in Germany, 
the latter embodying listening with one ear and a reference pressure of 0'000316 
dyne per cm? 

t More accurately an intensity level of 10—watt per cm?, corresponding 
to a sound pressure of 0-000204 dyne per cm? at 20 deg. C. and 76 cm. of 
mercury. This value also approximates to the 1 000-cycle threshold pressure 
for a normal observer. 

t “ Proposed Standards for Noise Measurements,” Journal of the Acoustical 
Society of America, 1933, vol. 6, p. 109. 

§ This abbreviation is employed tliroughout the paper. 


Specified in the definition of the phon requires means for 
quickly starting and stopping both reference tone and 
noise. The production of a plane wave proceeding in a 
definite direction implies the absence of material reflec¬ 
tion, which calls for the use of a heavily absorbent test 
room such as is seldom available outside a laboratory. 
Hence, with the exception of small purely electrical 
apparatus which ca‘n be switched on and off, the direct 
measurement of the E.L. of engineering apparatus is, 
in general, impracticable. 

However, noise meters suitable for engineering meas¬ 
urements may be calibrated in phons in the labora¬ 
tory as follows: Reproducible noises of physically 
specified composition are set up by means of a loud¬ 
speaker and their phon values determined in accordance 
with the definition. These same noises may then be 
applied to noise meters of any type, the indications 
of which are noted. The discrepancy between an instru¬ 
ment indication and the phon value is the meter error 
for the type and level of noise applied. The experi¬ 
mental noise may be that of an actual engineering 
apparatus, e.g. motor or transformer, reproduced on the 
loud-speaker by means of a microphone and amplifier, 
the engineering apparatus being, of course, located in 
another room. But from the point of view of the 
calibration of portable meters such a course is not, 
in general, necessary. The performance of the ideal 
noise meter would be independent of the type and 
level of noise over a wide range, in the same way that 
a satisfactory a.c. voltmeter indicates correctly over a 
wide range of frequency and wave-form. In the cali¬ 
bration of subjective meters there is no need to 
maintain fine distinctions between the tone structures 
of the various noises met with in engineering practice, 
and a few well-contrasted noises specified in physical 
terms is sufficient. This is less true for objective meters, 
as will be seen later. Data accumulated from sound 
analyses on engineering apparatus enable noises to be 
selected for calibrating purposes. 

This plan has several advantages. The physically 
specified standard noises can be set up synthetically (see 
Appendix II) by means of convenient laboratory devices 
rather than by using engineering apparatus. The degree 
of constancy, reproducibility, and flexibility of control, 
of synthetic noises set up in a non-reflecting test room 
can far exceed what is possible with engineering appa- 
I'atus operating in normal circumstances. For basic 
measurements these are important aids to precision. In 
the routine calibration of noise meters the E.L. of 
the physically specified noises would have to be deter¬ 
mined once only, after which the basic technique would 
not be required. Incidentally, the plan enables not only 
the calibration of noise meters on an agreed basis, 
but also the intercomparison of the phon values of the 
several selected noises obtained by different laboratories 
to be carried out, thus strengthening the foundations 
of the system of measurement. 

(3) THE TECHNIQUE OF THE BRITISH STANDARD 

PHON 

(a) Subjective conditions. 

Equivalent loudness is defined in terms of the loud¬ 
ness-equality judgment of a hy*pothetical " normal 
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observer/' whose loudness judgment is representative 
of that of people in general. In practice this judgment 
can only be inferred from the judgment of a group of 
persons. The larger and more comprehensive the group 
the more closely will the group judgment approximate 
to that of the “ normal observer.” Thus a group of 
100 persons covering a wide range of ages and occupa¬ 
tions and of both sexes would enable ideal conditions 
to be approached. But, as will be shown, conditions 
sufficiently representative for most purposes may be 
obtained with a group of 10 persons. 

The best means of obtaining the group judgment 
within the terms of the definition has now to be con¬ 
sidered. The procedure used should be applicable to 
any normal person in order that fully representative 
data may be obtainable. Hence no technical know¬ 
ledge or skill should be presupposed. The procedure 
should permit the observers to perform their essential 
task of judging relative loudness in a simple and natural 
manner, without distraction, constraint, or biasing 
influences. Two general procedures are used in psycho¬ 
physical measurements. One is known as the method 
of Constant Stimuli (C.S.),* and the other as the method 
of Average Error (A.E.).* A comparative study of 
these methods has been carried out by W. N. Kellog.f 
both for sound and light measurements. In A.E. 
applied to equivalent loudness measurement, the observer 
himself adjusts the intensity of the reference tone (R) 
to ^ what he judges to be lou.dness equality with the 
noise (N). In C.S. he is only required to judge which 
of the two successively presented sounds predominates 
in loudness, the reference-tone adjustments being per¬ 
formed by an operator outside the test room. This 
observation is repeated for a number of reference-tone 
intensities until the region in which the transition from 
predominance of N over R to predominance of R over N 
takes place is defined. It would appear that the direct¬ 
ness and simplicity of A.E. afford considerable ad¬ 
vantage over C.S. But, as Kellog points out, the 
observer’s task in A.E. is to find equalities, whereas in 
C.S. it is to find differences. The less painstaking 
observer will easily satisfy himself that he has found 
equality, whereas the procedure of C.S. stimulates flim 
to persevere in his seai'ch for differences and so to give 
more discriminating judgments. The observer’s mani¬ 
pulations of R in A.E. have been found to disturb liis 
jud^ent. Also the sustained listening to the alter¬ 
nating sounds necessary to arrive at a final setting in 
A.E. may induce fatigue, which further disturbs the 
judgment, whereas in C.S. the presentation of the two 
sounds for one or two seconds each, followed by a rest 
of,^ say, 10 seconds before the presentation of the next 
pair, minimizes fatigue. As a result of his investigations 
Kellog concludes that, for such a purpose as that under 
discussion, C.S. is capable of more reliable results than 
A.E. 

Eletcher and MunsonJ in their work which has been 
used as a basis for the recommendations of the U.S.A. 
Committee, have, following Kellog, developed C.S. in 
preference to A.E. The present authors have carried 

t are employed througliout the paper. 

J Kellog: Archives of Psychology, 1929, vol. 17, no. 106. 

r H. Fletcher W. A. Monson; “ Loudness, its definition, measurement 
and calculation, Jourhal of the Acoustical Society of America, 1933, vol. 5, p. 82. 


out a comparison of C.S. and A.E. with 6 different noises, 
some sustained and some intermittent, using the same 
group of 10 observers. The agreement between the 
group judgments is very close, the differences between 
C.S. and A.E, varying from 0-5 to 2 phons. Taking 
account of the sign of the difference, the mean discre¬ 
pancy for the 6 comparisons is 0-4 phon. Hence it may 
reasonably be concluded that C.S. and A.E. lead to the 
same phon values. The main difference between C.S. 
and A.E. was found to lie in the dispersions obtained, 
as expressed by the total spread of the judgments and 
standard deviations. While the value obtained for 
standard deviation depends to some degree on how it 
is defined, the values obtained for A.E. were always 
higher than those for C.S., in one case more than twice. 
Taking the 6 tests, the standard deviation for A.E. was, 
on an average, at least 60 per cent greater than for C.S, 
On a basis of the total spread of the observations, the 
dispersion with A.E. was also on an average 60 per cent 
greater than for C.S. In these comparisons the same 
observers were employed and any variations in the 
physical conditions were quite negligible. The only 
change made was the substitution of C.S. for A.E. 
Hence the consistent reduction in dispersion is regarded 
as confirming that the observers are better able to 
perform their task under C.S. than under A.E., and that 
A.E. contains undesirable elements not present in C.S. 
It was found that the average time required per observer 
was 6 minutes with A.E., compared with 6 for C.S. 
This was with 20-sec. rest periods for the latter, but 
10-sec. periods have since been found sufficient. This 
reduces the time to 4*5 minutes for C.S. The time 
required for a complete test also depends on other 
factors, such as the way the work is organized. In 
any case, speed of working is secondary to avoidance 
of uncertainty. The smaller dispersion is of practical 
importance in basic measurements, because the prob¬ 
able error is directly proportional to the standard 
deviation and inversely proportional to •\/{n — 1), 
where n is the number of observers. Hence, in order 
to keep within a given probable error, a substantially 
greater number of observers is needed with A.E. than 
with C.S. 

In view of the importance of eliminating psychological 
factors of uncertain effect, and the strong and inde¬ 
pendent evidence in favour of C.S., the authors have 
adopted it for their basic E.L. measurements. Thus, 
although it is a group loudness-equality value that is 
sought, it is considered to be obtainable more surely 
through judgments of loudness predominance performed 
by the individual observers than by direct equality 
judgments. 

In C.S. the important principle of placing the control 
and recording of the noise and reference tone values in 
the hands of an operator located outside the test room 
obviates bias on the observer’s part, since he has no 
control over or knowledge of the physical values of the 
sounds presented to him. N and R are presented by 
means of a loud-speaker, in front of which the observer 
is seated. He signifies his judgment of which of the 
two sounds heard in quick succession is the louder by 
pressing a switch operating a light signal visible to the 
operator. He is not permitted to give a decision that 
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the sounds are equally loud. The process is repeated, 
with 10-sec. rest periods, several times, N being held 
constant and R varied over a suitable range in the 
vicinity of the observers’ transition levels. In order to 
break up any speculation on the part of the more thought¬ 
ful type of observer as to what might be the “ correct 
result,” the intensities of the R presentations are varied 
in an irregular manner. Presentations at a given R 
level are made in the order N, R and R, N so that any 
psychological effect of the order of presentation may be 
eliminated. From the observations, a table is drawn 
up giving the judgment of each observer at each R level. 
Predominance of N is counted as 100 votes and of R as 0. 
Confirmed judgments, as obtained by check presenta¬ 
tions; are awarded 100 or 0 as the case may be. Con¬ 
tradictory judgments at the same level are counted as 
50 votes. The mean or group judgment at each R 
level is then computed. This ranges from 100 to 0 in 
favour of ISl being the louder. The corresponding dis¬ 
tribution curve of group loudness-equality judgments 
may then be deduced. For this purpose loudness 
equality is interpreted as maximum uncertainty as to 
which is the louder. This uncertainty is clearly when 
the voting is 60 per cent in favour of each being the 
louder. The votes for equality at each R level are 
therefore obtained by noting the amount by which the 
mean exceeds 0 or falls short of 100 at these levels. If 
plotted, these values give a distribution curve of votes 
for equality with values of R, rising from 0 to a maximum 
of 50 and back to zero. The mean value of this curve 
gives the level of R corresponding to the mean group 
judgment of equality with N, and the peak of the curve 
defines the modal value. Mean and modal values coin¬ 
cide with a symmetrical curve. If j-y is the number of 
votes for equality at level Ry, and J the total number of 
votes for equality, the mean E.L. value in phons is 

7 ? _ + (-^ 2 .? 2 ) + (-^ 3 ^ 3 ) + • • • [^xOac) 

K, - — 

The calculation of the standard deviation is discussed 
in Section 3(d), where an example of an equivalent¬ 
loudness measurement is given. 

It is important to note that C.S. makes a minimum 
demand on the observer; no technical knowledge or 
skill is required. Hence fully representative E.L. values 
are obtainable, the technique being applicable to any 
normal individual. 

A matter requiring consideration is the magnitude of 
the steps in which R is varied. These should be small 
enough to enable the observer to exercise such dis¬ 
crimination as he can, but not so small and numerous as 
unduly to prolong the observations, thereby inducing 
fatigue. It is found that observers can frequently dis¬ 
criminate to 1 phon, so 1-phon steps have been adopted. 
If the size of step is not well below the observed standard 
deviation, the latter will differ from the true deviation, 
Sheppard’s correction was evolved to allow for this 
point.* If S is the true standard deviation, Sy the 
observed standard deviation, and W the size of step, 
then 


• Yule: “ Theory of Statistics.” 


Thus with 1-phon steps S does not differ materially 
from Sy for values of of 2 or more, such as are obtained 
with C.S. When the steps are large compared with Sy 
the expression ceases to hold. The observers’ judgments 
are no longer unconstrained. The observed standard 
deviations become strongly influenced by fortuitous 
circumstances unconnected with the observers’ judg¬ 
ments. 

The setting-up of momentary noises when substituting 
N for R, or vice versa, due to the transient characteristics 
of the sound source, is to be avoided. For this purpose 
the authors have devised a screened double potentio¬ 
meter which enables the operator to make a smooth 
transition. The operation of the switch is timed by an 
electric clock with a large hand making one revolution 
in 2 seconds. 

In determining an observer’s judgments the operator 
first signals to the observer by means of a light signal 
that the presentations are about to begin and switches 
on one sound, which is maintained at the full intensity 
for the stipulated period. He then switches over 
quickly to the other sound and, after the same period 
at full intensity, switches off. Usually the observer 
has signified his decision before the expiration of the 
second tone presentation. The experience of the 
authors and others shows that the duration of the full 
intensity period is not at all critical. Some experi¬ 
mental results on this point appear in Table 4. Periods 
from 1 to 2 seconds are suitable, the longer period being 
advisable for very intermittent sounds. The authors 
have adopted approximately 2 seconds for general 
purposes. 

The experimental procedure adopted minimizes fatigue, 
and the method of plotting the judgments enables 
appreciable fatigue to be detected. No observer is 
called upon to give more than two sets of judgments on 
the same day, and is given a rest period of at least 5 
minutes outside the test room between two sets. 

(b) Physical Conditions. 

The definition specifies for the reference tone a plane 
wave coming from a position in front of the observer. 
In the present E.L. measurements, a highly-absorbent 
test room* 24 ft. x 24 ft. x 13ft. high has been used, 
which enables reflected waves, i.e. waves proceeding in 
undesired directions, to be kept small in amplitude. 
One way of obtaining the plane wave is to use a sub¬ 
stantially point source at a distance from the observer 
sufficiently great for the angle subtended at the source 
by the width of the head to be negligibly small. This 
may be advisable for high frequencies. For moderate 
and low frequencies a folded horn type of source has 
two advantages, viz. that a substantially plane wave 
may be secured without an unduly great linear distance 
(and hence without an unduly large test room), and tones 
of adequate intensity and purity are obtainable. It is 
advantageous to place the source at a level corre¬ 
sponding to half the height of the room, so that approxi¬ 
mate S 3 anmetry is secured. The set-up is shown in 
plan in Fig. 1a. An observer’s chair of suitable height 
and constructed so as to cause a minimum disturbance 

♦ B. G. Churcher: “ The Acoustics Laboratory of the Metropolitan-Vickers 
Co.’s Research Department,” Engineering, 1933, vol. 136, p. 563, 
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Pig IB.—Test room for free-field E.L. measurements. 
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to the sound field is used and normally placed so that 
the centre of the observer’s head is 1 m. from the mouth 
of the source. Where the highest intensities are required, 
a distance of 0 • 5 m. may be used. By means of a 
swinging arm, a microphone, calibrated in absolute units, 
can be brought to the position corresponding to the 
centre of an observer’s head so that the frequency, 
intensity, and purity, of the tones set up may be referred 
to that point. The basis of the physical measurements 
is given in Appendix I. Fig. 1b shows a general view of 
the test room with source C in use. 

Three sources are available. Those designated A and 
C are of the folded horn type, C being capable of high 
intensities. B consists of a conical-diaphragm loud¬ 
speaker without horn. Fig. 2a shows the field distri¬ 
bution with source C. Considering first the attenuation 


attenuation indicates a sufficiently close approximation 
to a plane wave. At 1 m. the horizontal iirtensity 
variation does not exceed 0*3 db. for 10 cm. on either 
side of the central position, and the vertical intensity 
variation is of the order of 0-2 db. for ±10 cm. At the 
0-6-m. position the variation is even smaller. 

At high frequencies source B is generally used. The 
local irregularities along a line joining observer and 
source are satisfactorily small, being not greater than 
0 • 4 db. At 1 m the horizontal and vertical vari;,itions 
for ± 10 cm. from the central position do not exceed 
1 db. During the present work the room is cleared of 
all but essential objects. The effect of the presence of 
the latter on the field strength at 1 m., central position, 
was checked. A plank placed on the floor and used for 
access to the source produced no detectable effect. The 



of the reference tone with distance from the mouth of 
the source, it will be seen that at 1 m. the local deviations 
frorn a mean inverse curve do not exceed 0-5 db. 
(decibels), so that errors due to the exact relative positions 
of obseiver’s head and microphone in that direction are 
small. The rate of attenuation of the field, deduced 
from the mean curve, indicates that the distance from 
observer to the virtual source is equivalent to over 2 m., 
so that the plane-wave condition is closely realized, 
since the distance between ears does not normally 
exceed 20 cm. The upper diagram shows the horizontal 
and vertical variation in intensity at the normal location 
for the reference tone. It is seen that the variations 
over the region corresponding to the dimensions of the 
observer’s head, e.g, ± 10 cm. horizontally, are negligible. 
An attenuation/distance curve is also given for 120 
cycles. The local irregularities in the region occupied 
by the observer are quite negligible, and the rate of 


reference-tone intensity is, for convenience, measured 
with the observer s chair in position. A seated observer 
screens practically the whole of the chair. The effect 
of the presence of the chair was therefore measured and 
was found to cause a change of 0*3 db. in the reference- 
tone intensity at the central position. A head-rest 
fitted to the chair is sometimes used. Its presence 
disturbs the field to the extent of 0-2 db. at 1 000 cycles, 
but more at high frequencies. Since the rest is com¬ 
pletely screened by the head when an obsei'ver is present, 
it is removed for field measurements. 

A possible source of indefiniteness which is not covered 
by field measurements is that loud-speakers of different 
forms may give rise to different multiple-reflection effects 
between source and observer, particularly when the 
observer is close to the source. A full examination of 
this effect would require exploration of the field between 
subject and loud-speaker. However, a useful criterion 
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of field normality with observer present might be the 
ratio of the ear-canal pressure to the field pressure at 
the same point in the absence of the observer, since the 
loudness sensation experienced is substantially deter¬ 
mined by the pressure at the ear canal. This ratio can 
be determined by a suitable probe-tube technique and, 
using a group of 6 subjects, satisfactorily reproducible 
T.'-alues can be obtained. Some measurements were 
made with and without a wooden baffle fitted to source 
B. It was found that, while the presence of the baffle 
increased the field pressure, the ear-canal pressure was 
increased correspondingly, so that the ratio of the 
pressures was unaltered. It was therefore concluded 
that multiple-reflection effects were negligible, so that 
the field-pressure measurements described above were 
sufficient to define the field conditions. It may be noted 
that for source C the ratio of canal to field pressure at 
1 m. is 1 *2 db. for 1 000 cycles and 0- 0 db. for 120 cycles. 

In carrying out E.L. measurements, N and R are 
checked physically before and after each test. To 
detect accidental variation of N or R during a test, the 
operator occasionally notes the readings of a voltmeter 
connected across the loud-speaker terminals. 

(c) The Groups of Observers. 

In forming a group of observers for basic measure¬ 
ments it is advisable to exclude persons who, fro m 
common knowledge, are known to have defective hearing. 
In a very few instances, persons are met with who, from 
nervousness or other reason, are temperamentally un¬ 
suitable. Such persons cannot be considered normal 
observers, and their inclusion merely increases the dis¬ 
persion of the judgments. Otherwise no discrimination 
is necessary in selecting observers beyond making the 
group as representative as may be. 

The number of observers required for a group depends 
on the precision desired in the measurements. It can 
be shown* that if n is the number of persons in the 
group and 8 the standard deviation obtained in a parti¬ 
cular measurement, then, provided the distribution of 
the judgments is normal, the probable error, T, of the 
mean in relation to the true value is given by 


Ihis is the probable magnitude of the error present, but 
the error may chance to be larger. It can be shown 
that the probability of the error in a given experiment 
being 2F is 1 in 5, and of being 3F is 1 in 22. As will 
be seen later, values of S a,s great as 4 • 5 are reached only 
in a minority of cases. With 10 observers and this 
value of 8 the probable error is 1 phon, and with the 
more normal 8 value of 3*5 the probable error is well 
within 1 phon. For most purposes a group of 10 
observers is therefore considered adequate. In cases 
where it is important to verify a measurement, a further 
measurement with another group of 10 persons affords 
the best safeguard, as will be shown. 

The three groups employed are given in Table 1. 

(d) Specimen E.L. measurement. 

An example of a typical measurement is the deter¬ 
mination of the intensity level of a 360-cycle tone which 
* Yule: ‘‘Theory of Statistics.” 


has an E.L. of 90 phons. Here the usual procedure is 
reversed; R is held constant at 90 phons, and the 
intensity-level of the 360-cycle tone (N) is varied. 

Theoretically, observations should be taken with both 
orders of presentation at every 1-db. step for each observer 
over the entire range in which any want of unanimity 
is shown—^in this case 86-5 to 101-5 db. In practice 
15 to 20 observations per observer are found sufficient 
to define his loudness-equality judgment. The obser¬ 
vations are plotted in Fig. 2b, Two dots at a given 
level indicate a check observation. It will be seen that 
some of the judgments are quite decisive, while others 
are contradictory over a range of steps, as shown by the 
shaded areas. Individual spreads as large as S db. are 
seldom met with, but one happened to occur in the 
present test. From, the plotted judgments Table 2 has 
been drawn up; this gives the mean votes of the group 
at each intensity level. 

From the mean votes at each level, the group votes 
for equality at the corresponding levels are obtained, 
from which the mean intensity level has been calculated. 
The distribution curve of group votes for equality is 
shown in Fig. 3. The peak value of this curve gives 


Table 1 


Group No. 

Type of group 

Number of 
observers 

Type of observer 

la 

Technical 

5 

Men, experienced in 
acoustical measure¬ 
ment 

lb 

Technical 

5 

Men, experienced in 
ph 3 /sical but not 
acoustical measure¬ 
ments 

I 

Technical 

10 

Groups la and lb 
combined 

II 

Non-technical 

10 

5 men, 5 women 

III 

Non-technical 

10 

5 men, 5 women 


the modal value of the intensity level, which, in this 
example, is equal to the mean value, viz. 94-5 db. If 
the distribution curve is normal, the standard deviation 
is given by the difference between the mean value and 
the level at which the second differential of the distri¬ 
bution curve is zero, the slope there being a maximum. 
The standard deviation is obtained arithmetically by 
multiplying the square of the deviation from the mean 
at each level by the number of votes for equality cast 
at that level. These products are then added and 
divided by the total number of votes for equality. The 
square root of this quantity is the standard deviation 
which, in the present example, is 3*0. This quantity is 
based on all the available judgments and assumes that 
all votes are of equal importance, whether they are 
given by the same or different observers. We may call 
it the standard deviation of the group equality votes 
{8^, as deduced from judgments of loudness pre¬ 
dominance. 

On the other hand, there is much to be said for the 
view that the standard deviation should be based on the 
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dispersion of the equality judgments of the several 
observers rather than on the distribution of the mean 
votes of the group. When the judgments are decisive, 
there is no difficulty in proceeding on these lines. The 
deviation of each observer’s equality judgment from the 
mean value is squared and the mean of the squared 
deviations taken. The square root of this quantity 
gives the standard deviation for the individual equality 
judgments (.Sg). In cases where the judgments of an 
individual observer show a spread, an assumption is 


Observer 

CRM 

R.G. 

MX 

A.S.E. 

A.J.K. 

A.M.A. 

SI.G. 

A.O. 

J.iVS. 

SMR. 


Intensity level, 
db above 0‘0002dyne per cm^ 
Mean 



Fig. 2B. —Comparison of 360- and 1 000-cycle tones. 
No. 22; level — 90 phons; group I. 

iV == 300-cycle tone louder. 

II = reference tone louder. 


Test 


necessary regarding the position in the band at which 
his equality judgment may be presumed to lie. Where 
there is no inconsistency within the band (e.g. Fig. 2b, 
Observer A. S. E., where the votes for N and Rare equal) 
it is a fair assumption that the level for loudness equality 
for that observer corresponds to the centre of the band. 
However, when judgments within a band are incon¬ 
sistent (e.g. observer J. W. S.) the course to be adopted 
is not so obvious. However, adopting the centre-of- 
band convention for all observers, the standard deviation 
in the present example is 3-0, i.e. equal to the value 
obtained for 8^. 8^ is obtained by treating all equality 

judgments as though they were decisive. Hence the 
quantity derived is not indicative of the dispersions in 


, the judgments of individual observers. These dis¬ 
persions must increase the uncertainty of the final 
result and ought, strictly, to be taken into account. A 
comparison of the two bases has been made on 22 tests, 
some on pure tones and others on complex sounds. It 
is found that on the average the 8^^ basis gives a value 
11 per cent less than the 8^ basis. The 8^ basis has 
been used, since it gives, on the whole, a rather more 
conservative estimate of the degree of certainty of the 
mean E.L. values. No doubt further investigation 
would enable a measure of dispersion to be elaborated 
which would take due account of all the factors involved, 
but it must be borne in mind that refined methods are 
only justified when a large number of observations is 
available, A reasonably simple method of indicating 
approximately the relative uncertainties of different 
equivalent loudness determinations is the chief need. A 
probable-error value relates only to the amount by 
which the mean value probably deviates from the value 
for the “ normal observer,” as inferred from the dis¬ 
persion of the judgments of the finite number of ob¬ 
servers employed. The group itself is assumed to be 


Modal 

valine 



representative. The probable error cannot take account 
of factors which would influence all observers similarly, 
such as the employment of a group which, on account 
of age or other reason, is unrepresentative or non-com¬ 
pliance with the prescribed physical conditions, e.g. in 
respect of tone purity. With small groups the standard 
deviation values on which the probable-error values are 
based are themselves subject to uncertainty so far as 
they arise from casual, as distinct from systematic, 
divergences in the judgments. Thus if a test with 10 
observers be repeated, it is unlikely that precisely the 
same standard deviation value will be obtained, so 
isolated S.D. (standard deviation) values cannot be 
regarded as rigidly applicable to the particular con¬ 
ditions of the test. But as the size of the group is 
increased the S.D. values become more significant and 
the effect of both casual and systematic divergences on 
the mean value is diminished. Even with a group of 
moderate size, the casual element may be almost elimi¬ 
nated if S.D. values from several tests under the same 
conditions are available, and under suitable circum¬ 
stances the average S.D. value becomes significant for 
those conditions. 

In a subjective measurement which originates in a 
complete definition, there is no direct means of deter¬ 
mining the error actually present. In the case of E.L., 




NOISE METERS IN TERMS 


OF THE PRIMARY STANDARD 


65 


provided the prescribed conditions have been complied 
with, the mean value is the value according to the 
definition, to the degree of approximation rendered 
probable by the dispersion of the judgments. In the 
calibration of secondary meters, conditions are different. 
Provided the error of the primary method is negligible, 
the actual error of the meter is the value it indicates 
less the basic value. 


(4) THE EQUAL-LOUDNESS RELATIONS 
Manjr problems in both the study and application of 
acoustics require a knowledge of the relative intensity 
levels of pure tones of differing frequency which sound 
equally loud. For example, these equal-loudness rela¬ 


in terms of a free field of the same frequency, the value 
of which was known in absolute measure. In the 
loudness comparisons a tone of a given frequency and 
intensity level, alternately with a 1 000-cycle tone, was 
presented to an observer’s ears by means of the cali¬ 
brated telephones, and the equal-loudness conditions 
were deduced, using the C.S. procedure described in 
Section l[a). Although for ordinary noise problems it 
is only the free-field condition which is strictly relevant, 
it is to be expected that relations determined through 
the medium of calibrated receivers will be generally 
similar to those determined directly in the free field. 
How far equal loudness relations obtained with a com¬ 
paratively limited number of observers may be con¬ 
sidered generally applicable is a point on which little 


Table 2 

' * 

Summary of Judgments. (Test No. 25) 



Intensity lev-els (db. abov-e 0-0002 dyne per cm?) 


8o-5 

86-0 

87-5 

88-5 

89-5 

90-5 

91-5 

93-5 

93-5 

94-0 

95-5 

9G-5 

97-5 

98-5 

99-5 

100-0 

101-5 







Percentage votes for N being the louder. 





C. R. M. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

50 

100 

100 

100 

100 

100 

100 

100 

R. G. 

0 

0 

0 

0 

0 

0 

50 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

D. FI. T. 

0 

0 

0 

0 

0 

0 

0 

0 

60 

50 

100 

100 

100 

100 

100 

100 

100 

A. S. E. 

0 

0 

0 

0 

50 

50 

50 

50 

100 

100 

100 

i6‘o 

100 

100 

100 

100 

100 

A. J. K. 

0 

0 

0 

0 

0 

0 

0 

60 

60 

100 

100 

100 

100 

100 

100 

100 

100 

A. M. A. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

50 

50 

100 

100 

100 

100 

S. E. G. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

50 

0 

0 

100 

A. D. . . 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

100 

100 

100 

J. w. S. 

0 

0 

0 

0 

0 

0 

0 

0 

50 

50 

0 

50 

100 

100 

100 

100 

100 

S. W. R. 

0 

50 

50 

50 

50 

50 

50 

50 

50 

100 

100 

100 

100 

100 

100 

100 

100 

Mean votes for N 
being the louder 
Group equality 

0 

5 

5 

5 

10 

10 

15 

25 

45 

50 

60 

70 

75 

85 

90 

90 

100 

votes .. 

0 

5 

5 

5 

10 

10 

15 

25 

45 

50 

40 

30 

25 

15 

10 

10 

0 


Mean intensity level =94*5 db. 

Modal value (from Fig. 3) =94-5 db. 


tions underlie the study of audition and, in particular, 
the response of the ear to noises of various tone structures. 
They are essential to the interpretation of analyses of 
machinery or other noise, their use enabling the relative 
importance of the constituent tones to be assessed. They 
form a basis on which the response of objective meters 
may be adjusted, and will play an essential part in the 
future development of such meters. 

Wegel* and Kingsburyf were early investigators of 
these relations. The present authors, following Kings¬ 
bury, made some supplementary determinations.;!; 

The most important contribution to the subject 
consists of the comprehensive data of Fletcher and 
Munson, § which were determined with a greatly im¬ 
proved technique. The data were obtained by means, 
of telephone receivers calibrated at each frequency 

* R. L. WEGEt: Bell System Technical Journal, 1922, vol. 1, p. 56. 
t B. A. Kingsbury; Physical Review, 1927, vol. 29, p. 5SS. 
i B. G. Churcher, a. J. King, and H. Davies: Journal T.E.E., 1934, vol. 75, 
p. 401. § Loc. cit. 


information has been available. Some additional values 
determined directly in the free field and necessarily with 
other observers were therefore thought to be of interest. 

Equal-loudness values are referred to 1 000 cycles 
and 0-0002 dyne per cm? reference pressure. The deter¬ 
mination of free-field equal-loudness relations therefore 
consists of measuring the E.L. of pure tones of given 
frequencies and intensity levels, the technique for which 
has already been described. The values obtained are 
given in Table 3. The second column gives the fre¬ 
quency and the third the E.L. level at which a deter¬ 
mination was made. The fourth column indicates the 
source used. The fifth gives the purity of a tone of 
the given frequency in terms of the difference in E.L. 
between the largest harmonic or other parasitic tone 
and the fundamental. The present equal-loudness 
relations were used in computing this. Tone purity is 
especially important when comparing single tones, and 
is difficult to attain at low frequencies and high inten- 

5 
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Table 3 

Equal-Loudness Determinations 


(Cases where parasitic tones are below threshold are denoted by X.) 


No. 

Frequency 

B.S. phons 

Source 

Purity 

Group 

Intensity Levels 

Standard 

deviation 

Probable 

error 

Final value 
adopted 

Mode 

Mean 

1 

64 

87 

c 

32 

I 

94 

94 

2-0 

0-6 



54 

90 








96 


64 

80 








88 


64 

60 








78 

2 

54 

50*5 

c 

36 

I 

73 

73-5 

10-4 

2-3 



54 

40 








69 

3 

64 

10 

c 

X 

I 

54-5 

54-5 

3-6 

0-8 

54-6 

4 

54 

0 

c 

X 

I 

— 

38-5 

4-4 

1-0 

-- 

5 

60 

80 

B 

20 

I 

86-5 

87 

3-4 

0-8 

87 

6 

60 

60 

B 

25 

I 

77-5 

77 

2-9 

0-7 

77 

7 

60 

40 

B 

30 

I 

65'5 

68 

4-6 

1-0 

68 

8 

60 

10 

B 

X 

I 

64-5 

53-5 

3-0 

0-7 

53-5 

9 

120 

90 

A 

25 

I 

99 • 6 

98 

4-5 

1-0 

— 

10 

120 

90 

C 

35 

I 

95-5 

96 

3-0 

0-7 

97 

11 

120 

80 

A 

28 

I 

86 

85-6 

3*5 

0-8 

— 

12 

120 

80 

B 

39 

I 

90-5 

90 

2-3 

0-5 

— 

13 

120 

80 

B 

39 

II 

91 

91-5 

2-6 

0-6 

— 

14 

120 

80 

B 

39 

III 

88-5 

89-5 

3-4 

0-8 

— 

15 

120 

80 

C 

45 

I 

89 

89 

2*7 

0-6 

89 

16 

120 

60 

, C 

40 

I 

74 

73 

4-0 

0-9 

73 

17 

120 

40 

A 

35 

I 

57-5 

58 

2-2 

0-5 

58 

18 

120 

10 

A 

X 

I 

35 

35 

3-4 

0-8 

— 

19 

120 

10 

A 

X 

II 

37*5 

35 

3-9 

0-9 

— 

20 

120 

10 

A 

X 

III 

37 

36-5 

2-8 

0-6 

— 

21 

120 

10 

C 

X 

I 

36-5 

36*5 

4-2 

0-9 

36 

22 

120 

0 





27 



27 

23 

200 

90 

A 

30 

I 

96-6 

96-5 

2-2 

0-5 

96-6 

24 

200 

80 

A 

32 

I 

85 

85 

2-8 

0-6 

85 

26 

360 

90 

A 

40 

I 

94-5 

94-6 

3*0 

0*7 

— 

26 

360 

• 90 

C 

40- 

I 

96 

96 

2-6 

0-6 

95 

27 

360 

80 

A 

40 

I 

82 

81 

2-3 

0-6 

— 

28 

360 

80 

C 

40 

I 

83 

83 

3-2 

0-7 

82 

29 

360 

60 

A 

40 

I 

62 

62 . 

2-3 

0-5 

62 

30 

360 

40 

A 

40 

I 

43 

43-5 

3-8 

0-9 

43-5 

31 

360 

10 

A 

40 

I 

16-5 

16-6 

3-2 

0-7 

16-5 

32 

360 

0 




— 

7-5 




33 

1 000 

0 

C 

X 

I 

- 1-6 

- 2 

3-5 

0-8 

- 2 

34 

1 600 

80 

B 

40 

la 

79-5 

78-6 

2-6 

0-9 

78-5 

35 

3 200 

90 

B 

40 

I 

82 

83 

5-7 

1-3 

85 

36 

3 200 

80 

B 

40 

I 

72 

73 

3-1 

0-7 

— 

37 

3 200 

80 

B 

40 

I 

76 

76 

5-0 

1-1 

75 

38 

3 200 

80 

B 

40 

II 

78 

78-5 

3-4 

0-8 

— 

39 

3 200 

60 

B 

40 

I 

58 

58 

5-1 

1-1 

65 

40 

3 200 

40 

B 

40 

I 

35 

35 

5*3 

1-2 

35 

41 

3 200 

10 

B 

40 

I 

5 

6 

6-9 

1-5 


42 

3 200 

10 

B 

40 

II 

4 

4-5 

4-6 

1-0 

5 

43 

3 200 

0 

— 

40 



0 




44 

4 500 

80 

B 

40 

I 

78 

78 

3-9 

0-9 

78 

46 

6 400 

80 

B 

40 

I 

86 

86 

6*6 

1-3 

87 

46 

6 400 

60 

B 

40 

I 

71 

69 

6-4 

1-4 

69 

47 

6 400 

40 

B 

40 

I 

54 

54 

4-9 

1-1 

61 

48 

6 400 

10 

B 

40 

I 

23 

22 

7-5 

1*7 

24 

49 

6 400 

0 

— 




15 




60 

9 000 

60 

B 

40 

I 

70 

70 

6-5 

1-5 

70 

61 

9 000 

40 

B 

40 

I 

52 

51 

9-0 

2-0 

62 

62 

9 000 

10 

B 

40 

I 

28 

27 

8-3 

1-9 

27 
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sities. The basis of Fletcher and Munson’s theory of 
the response of the ear to complex sounds* is that the 
loudnesses of the several components are additive, 
allowance being made for masking. This interesting 
basis may be used to illustrate the order of purity 
advisable in basic E.L. measurements. Consider the 
case of a 1 000-cycle pure tone to which a harmonic is 
added. Neglecting masking as unimportant on account 
of the considerable frequency separation, the E.L. of 
the impure tone, and hence the error in an E.L. measure¬ 
ment due to the impurity, may be computed. The 
phon-loudness relation of Fig. 3 (Ref. 2) has been used 
for this purpose. To take an extreme example, a 
harmonic of 80 phons added to a fundamental of 80 
phons would give a total E.L. of 91 phons, i.e. an error 
of 11 phons. If the harmonic be reduced by 10 phons, 
the error would be about 6*5 phons. The present 
authors conclude that it is necessary, in general, to keep 
the largest harmonic 30, or if possible 40, phons below 
the fundamental. (It may be noted that the E.L. 
values for noises A, B, C, and D, in Table 4, are con¬ 
cordant with the loudness-summation basis. The 
equivalent energy-summation basis for computing the 
combined effect of tones, according to which a harmonic 
of 80 phons added to a fundamental of 80 phons should 
give a resulting E.L. of 83 phons, is clearly not relevant.) 
In addition to harmonics, the possibility of the presence 
of “ mush,” which is not readily detectable by sound 
analysis, was given critical attention. In the measure¬ 
ments recorded in Table 3 the reference-tone purity was 
always better than 35 phons below fundamental. Col. 6 
gives the group of observers employed. Modal and 
mean intensity levels to the nearest 0 • 6 phon are given 
in the next two columns, followed by the standard 
deviation and estimated probable error of the mean 
value. The last column gives the value finally adopted 
for the equal-loudness relations. 

Considering first the frequencies below 1 000, it is 
seen that modal and mean values differ in two cases 
only by as much as 2-6 db., and agree on the whole to 
Idb., indicating that the distribution curves of the 
judgments are substantially symmetrical. As Group I 
was the principal group used throughout the deter¬ 
minations, tests 12, 13, and 14, at 120 cycles and 80 
phons were carried out to ascertain how far this group 
might be considered representative of the "normal 
observer.” It is seen that the three groups give intensity 
levels differing by not more than 1 db. from the mean, 
which is 90-5 db., which differences are consistent with 
the estimated probable errors. 

Similarly tests 18, 19, and 20, at 120 cycles and 10 
phons with the three groups give good agreement, the 
differences from the mean of 35-5db. not exceeding 
1 db. Hence it may reasonably be concluded that 
in this frequency region Group I is adequately repre¬ 
sentative of the ‘"normal observer.” While tests have 
been generally made at the exact phon value desired, 
this has not always been experimentally convenient, so 
that intermediate values have been obtained by inter¬ 
polation from curves of phons and intensity level for a 
given frequency. A family of such curves has been 
plotted for all frequencies examined and has been used 

* Loc. cit. 


as a guide in selecting the final values adopted. But, 
as seen from the Table, in most cases the observed values 
have been adopted directly. At the low frequency of 
54 cycles per sec. the tone required a noticeable time to 
build up to full value. In order that its loudness might 
be adequately judged, a time of presentation of 3 seconds 
was employed for this frequency. 

In test 1 the maximum intensity consistent with 
adequate tone purity was set up. A threshold deter¬ 
mination* was attempted at this frequency but some 
observers reported that they were of opinion that the 
sensation experienced was one of feeling rather than 
hearing. The intensity level obtained was so incon¬ 
sistent with the other data that, although it is recorded, 
it has not been adopted. The low value obtained in 
test 11 compared with tests 12 to 14 is almost certainly 
due to inadequate tone purity. The agreement between 
tests 12, 13, and 14, from a subjective standpoint has 
been noted, but the result of test 15 has been adopted 
owing to the better field and purity conditions. 

The results are plotted in Fig. 4, Fletcher and Munson's 
contours being shown dotted. The good agreement at 
the 60-phon contour is to be noted. The calibration of 
the telephone receivers on which Fletcher and Munson's 
determinations were based was carried out for different 
frequencies at intensity levels within a few decibels of 
those corresponding to the 60-phon contour, so that here 
any possible difference between telephone and free-field 
conditions may be expected to be a minimum. 

As we proceed to the 40- and 10-phon levels for fre¬ 
quencies below 1 000, the points are seen to diverge 
fi-om the dotted curves in an increasing and regular 
manner. The threshold values plotted, some of which 
are included in Table 3, were obtained with various 
groups of observers on various occasions and are seen 
to give a curve consistent with the 10-phon points. 
They are also in good agreement at the lower frequencies 
with free-field threshold values published by Sivian 
and White.f 

At the 80- and 90-phon levels the divergence is regular 
but of opposite sign. To verify this, additional points 
were taken at 200 cycles; these are seen to be concordant 
with those at 120 and 360 cycles. 

From Table 3 the probable error of the mean (except 
in Test 2) is 1 db. or less. Hence individual points may 
possibly be in error by 2 or even 3 db., but where the 
present values diverge from the telephone values they 
do so in a regular manner not suggestive of fortuitous 
errors of several db. in the individual points. Hence 
systematic divergences of 2 db. or more may be regarded 
as significant. In addition to the above subjective 
errors, there are the errors in the absolute physical 
magnitudes. In this frequency region an error ap¬ 
proaching 1 db. (or 12 per cent) in acoustical pressure is 
very improbable, and an error of constant amount would 
not explain divergences of opposite sign at high and 
low levels. The practice of immediately checking the 
apparatus at every frequency and level at which a test 
is made is thought to guard against errors in the pressure 
measurements comparable with the subjective errors. 

There may be several causes for the increased intensity 

* See Test No. 4 in Table 3. . ^ • 

t L. J. Sivian and S. D. White: Journal of the Acoustical Society of America, 

1933, vol. 4, p. 288. 
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levels required with telephone receivers for a given EX. 
at low levels and frequencies. The pressure of the 
receivers on the head constitutes an additional stimulus 
differing from that of the acoustic pressure, the effect 
of the added stimulus apparently becoming progressively 
less important as the intensity level is increased. The 
presence of the receivers may also alter the motional 
impedance of the ear-drum and may also have some 
purely psychological effect. The sound heard with 
telephones differs in nature from a corresponding free- 
held sound. In the telephone determinations cali¬ 
brations were carried out near threshold level as well 
as at 60 phons, but reliance was placed on the latter. 
Corrections relative to 1 000 cycles may be deduced, 
which are -f- 2-6, — 4-3, — 2-6, and -f 0*4 db., at 60, 
120, 240, and 480 cycles, respectively. These correc¬ 
tions go a considerable way towards bringing telephone 


These factors are rehected in the increased dispersion, 
which gives rise to probable errors up to 2 db. Tests 
36 and 37 with Group I were separated by an interval 
of 3 w'eeks and illustrate the reproducibility of deter¬ 
minations in this region. Group II gave a result differing 
from the mean of these two by 4 db. Tests were also 
carried out at 3 200 cycles and 10 phons with Groups I 
and II (tests 41 and 42) and, in view of the estimated 
probable errors, the close agreement between the two 
is fortuitous. Referring to Fig. 4, the agreement between 
telephone and free-held values for the 60-phon contour 
has already been mentioned. Four points on the 
80-phon contour and one on the 90 also show good 
agreement. 

The 10-phon points are consistent in themselves and 
not inconsistent with the authors’ threshold values. 
J. C. Steinberg* has shown that loss of hearing with age 



and free-held threshold data into agreement at 120 and 
240 cycles. 

The divergence between telephone and free-held values 
at high levels would have to be of opposite sign if 
impurity in the free-held tones were to account for it. 

Considering now the values for frequencies above 
1 000, increased uncertainty is to be expected. The 
criterion of equal loudness seems less dehnite than at 
low frequencies, the high-frequency sound giving a 
thin piercing sensation rather than the sensation of 
“ volume ” evoked by low-frequency sounds. The sound 
helds were not so uniform as at low frequencies, so that 
the effect of the position of the observer’s head was 
rather more critical. In particular, the inclination of 
the observer’s head was found to be very important, 
so its location and inclination were made more dehnite 
by adopting a sighting check. For this, the observer 
was asked to keep his head in such a position that, with 
the left eye closed, he sighted two points in a .straight line. 


is negligible for frequencies up to 1 000, and small up 
to 2 000. At 4 000 and 8 000 cycles it becomes marked, 
the lo.ss of hearing for persons between 40 and 49 years 
of age being of the order of 18 db., compared with those 
between 20 and 29 years old. Hence the divergences 
between the 10-phon and between the zero-phon con¬ 
tours at high frequencies may well be due to a difference 
in the average age of the observers employed in the 
two investigations, and unless observers of a specified 
range of age were employed the high-frequency contours 
are not closely definable at low levels. 

Such high-frequency values as have been obtained 
confirm the marked inflections in the contours. From 
other evidence which cannot be discussed here they 
appear to be largely accounted for by the variation of the 
ratio of ear-canal pressure to field pressure with fre¬ 
quency. This ratio varies not only with frequency but 
considerably from one observer to another, a factor 

* Bell Telephone Laboratory Quarterly,, ]DoG. 
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which probably contributes to the larger dispersion at 
high frequencies. Some further high-frequency deter¬ 
minations under improved experimental conditions are 
under consideration.* 

"Wdiether the data should be expressed in the form of 
modal or mean values is doubtful. The modal value 
does not attach so much weight to occasional dissentient 
judgments, whereas the mean assigns equal importance 
to all judgments. In the present data there is no 
systematic or important difference between the two. 
Considering the difficulties of high-frequency tone 
comparisons, the authors regard such differences as 
appear at frequencies over 1 000 between the telephone 
and free-field measurements as being due to experi¬ 
mental error, an additional possible cause of divergence 
at low levels being the average age of the observers. At 
frequencies below 1 000, the probability of error is much 
smaller and the systematic divergence of free-field and 
telephone data appears to indicate that the two methods 
do not lead to the same result in this region. At 120 
cycles the intensity-level interval corresponding to a 
change of E.L. of 0 to 90 phons is 66 db. for the telephone 
values and 70 for the directly-determined values. The 
10-phon contour is of technical interest and may occa¬ 
sionally be needed in practical noise problems connected 
with very small domestic apparatus. The 80- and 
90-phon contours are probably the two most important 
for machinery-noise problems. 

It would have been of interest to have determined the 
100-phon contour,* but such loud sounds are trying to 
the observers and free-field tones of such intensities 
and of adequate purity are exceedingly difficult to 
produce at low frequencies. High-intensity low-fre- 
quen.cy pure tones can be produced with certain types 
of telephone receiver, but it is felt that the natural 
mode of listening must be regarded as the final criterion. 

The free-field contours for 20 and 30 phons have been 
deduced by interpolation from curves relating E.L. and 
intensity level for a given frequency. 

The comparison of the two sets of data, obtained from 
independent investigations and with different observers, 
indicates that the equal-loudness relations are definable 
in terms of the “normal observer” with a precision 
that is adequate for present needs. 

(5) THE EQUIVALENT LOUDNESS OF CERTAIN 
PHYSICALLY SPECIFIED NOISES 

In Table 4 are given E.L. values determined for 
certain physically specified noises. The compositions 
of the noises were chosen in some cases to demonstrate 
chai'acteristics peculiar to certain noise meters, 
and in other cases to be broadly typical of certain 
industrial noises. Two general points may first be noted. 
Tests 57, 68, and 69, were carried out to verify the 
effect of the time of presentation of the sounds. The 
times were 2 seconds (normal), 5, and 10 seconds, and 
it is seen that there is no significant difference in the 
E.L. values obtained, showing that the presentation 
time is not critical. Tests 61 and 62 were carried ouj: 
with the technical and one of the non-technical groups 
respectively. Such close agreement of either group 
with the combined group of 20 observers is, of course, 

* See Appendix III. 


fortuitous, but it confirms tests 12, 13, 18, and 19, of 
Table 3, in showing that the E.L. values obtained by the 
two groups do not differ materially. 

Series of harmonic tones with fundamental frequencies 
of approximately 100 are of interest in relation to 
transformers and other power-frequency static electro¬ 
magnetic apparatus. Harmonic series, with non-har¬ 
monic components in addition, appear in dynamo- 
electric machines and also in mechanical plant, especially 
where gearing is involved. Harmonic series of relatively 
high frequencies occur in fan noise. Hence measure¬ 
ments have been made on harmonic noises having 
fundamental frequencies of 120 cycles per sec. and 
equally loud components, and also on some with un¬ 
equally loud components. Non-harmonic noises having 
lowest frequencies of 120 and 480 cycles have also been 
included. 

Noise P contains both harmonic and non-harmonic 
components covering a frequency range of 120 to 
6 900 cycles per sec. and is typical of a geared turbo¬ 
generator set. Q is a non-harmonic high-frequency 
noise of high intensity. R, S, and T, are impulsive 
noises, such as arise with internal-combustion engines 
and some other types of plant. Tests 60 and 66 and 
also 64 and 67 show no consistent difference in the E.L. 
of harmonic and non-harmonic noises of similar com¬ 
position at moderate levels. If a difference occurs at 
all, it is likely to occur at very high intensities where 
subjective tones become large. 

(6) THE PERFORMANCE OF SECONDARY NOISE 

METERS 

(a) Subjective meters. General. 

The portable subjective noise meter is well known and 
takes many forms. In one, formerly known as the 
" audiometer,” the observer listens simultaneously to 
the noise with one ear and a reference tone of adjustable 
intensity presented to the other ear by a telephone 
receiver. He then adjusts the reference tone by trial 
to what he judges to be loudness equality with the noise. 
Both complex and pure reference tones have been used 
in this way. (In another form of instrument, known 
as the “ spaced telephone ” type, the observer listens 
simultaneously to noise and reference tone with both 
ears, the reference tone being presented by a pair of 
receivers spaced a short distance from the ears. The 
observer then adjusts the reference tone until it is just 
inaudible in the presence of the noise. This " masking ” 
value is not related in any simple manner to the E.L. 
of the noisel and the method will not be further dis¬ 
cussed.) The conditions under which these meters 
operate differ in some important respects from the 
conditions for basic E.L. measurement. The meters 
do not, in general, give indications in accordance with 
the standard. The authors have therefore experi¬ 
mented with a t 3 q>e of subjective meter from-which as 
many of these differences as possible have been removed. 
This meter and its performance will now be described. 

(b) Two-telephone subjective meter. 

In this meter alternate listening is made possible by 
the use of two receivers fitted with soft rubber caps, so 
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that when the receivers are placed on the ears the 
reference tone is heard and the noise under measurement 
is substantially excluded. The observer faces the source, 
and the criterion of loudness equality of noise and 
reference tone is that when the receivers are quickly 


from 0 to 100 db., and is' supplemented by a fine 
attenuator calibrated in 1-db. steps covering a range of 
10 db. The frequency of the reference tone is 800 cycles 
per sec., a value found convenient for the measurement 
of industrial noise. A test was carried out to ascertain 


Table 4 


Equivalent Loudness of Certain Physically Specified Noises 


(Note: Frequency and equivalent loudness of components are expressed by//E.L.) 


Test No. 

Noise 

Composition of noise 

Group 

B.S. phons 

Standard 

deviation 

Pr.;i!:>able 

(.•ITOl* 

53 

A 

Two harmonic tones:—120/50, 240/50 

la 

61 

1-6 

0-5 

54 

B 

Two harmonic tones:—120/30, 240/30 

la 

37-5 

3-6 

1-2 

55 

C 

Two harmonic tones:—120/50, 720/50 

la 

59 

1-8 

0-6 

56 

D 

Two non-harmonic tones:—120/70, 680/70 

la 

80 

0-9 

. 

57 

E 

Six harmonic tones:—120/80, 240/80, 360/80, 480/80, 
600/80, 720/80 (T == 2) 

I 

91 

1-9 

0-5 

58 

E 

Ditto. {T == 5) 

I 

91 

3-1 

0-7 

59 

E 

Ditto. (T — 10) 

I 

90-5 

1-3 

0-3 

60 

F 

Six harmonic tones:—120/61, 240/61, 360/61, 480/61 
600/61, 720/61 

I 

79 

2-5 

0-6 

61 

62 

63 

G 

G 

G 

Six harmonic tones:—120/40, 240/40, 360/40, 480/40, 
600/40, 720/40 

I 

II 

I, II 

62-5 

02-5 

62-5 

1-7 

3-9 

3-6 

0-4 

O'9 

0*6 

64 

H 

Six harmonic tones:—120/30, 240/30, 360/30, 480/30, 
600/30, 720/30 

I 

53 

3 • 6 

0*8 

65 

I 

Six harmonic tones:—120/10, 240/10, 360/10, 480/10, 
600/10, 720/10 

I 

26 

4-8 

M 

66 

J 

Six non-harmonic tones:—120/60, 265/60, 310/60, 
420/60, 560/60, 680/60 

I 

79-5 

3-1 

0*7 

67 

K 

Six non-harmonic tones:—120/30, 265/30, 310/30, 
420/30, 560/30, 680/3 

I 

52 

4-2 

1*0 

68 

L 

Six non-harmonic tones:—480/50,1 080/50, 1 240/50, 

1 680/50, 2 200/50, 2 500/50 

I 

75 

2-5 

0*6 

69 

M 

Six non-harmonic tones:—480/30, 1080/30, 1240/30, 

1 680/30, 2 200/30, 2 500/30 

I 

53 

4-1 

0*9 

70 

N 

Six harmonic tones:—120/85, 240/86, 360/87, 480/88, 
600/89, 720/90 

I 

95 

1-6 

0*4 

71 

O 

Six harmonic tones:—120/24, 240/24, 360/23, 480/22 
600/21, 720/20 

I 

46 

3-8 

0-9 

72 

P 

Ten tones:—120/60, 240/65, 360/68, 480/62, 600/67, 

110.0/56, 2 200/56, 2 500/69, 4 080/58, 6 900/69 

I 

88 

2-3 

0*5 

73 

Q 

Five tones:—485/90, 700/90, 1 080/91, 2 200/92, 

2 500/93 

I 

103 

3-0 

0*7 

74 

R 

Impulsive noise. Saw-tooth wave-form. 50-cycle 
fundamental 

I 

91 

2-3 

0*6 

75 

s 

Impulsive noise. Saw-tooth wave-form, 50-cycle 
fundamental 

I 

73 

2-7 

0*6 

76 

T 

Impulsive noise. Saw-tooth wave-form. 10-cycle 
fundamental 

I 

80 

2-8 

0*6 


removed or applied no change of loudness is detectable. 
To reach this condition the observer finds attenuator 
settings which are somewhat too high and somewhat 
too low for loudness equality and by repeated trial 
narrows down the interval between the two until he 
reaches a setting which he judges to give loudness 
equality. The attenuator is adjustable in 6-db. steps 


to what degree the noise under measurement is heard 
when a pair of receivers of the type used is in position 
on the head. A free-space pure tone of known intensity 
level and frequency was set up. Arrangements were 
made by which the observer could switch on this tone 
or, alternatively, the reference tone set up by the 
receivers and also adjust the reference-tone intensity. 
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The observer, facing the source and with the receivers 
applied to his ears, hears the free-space tone but with 
diminished loudness owing to the presence of the 
receivers. In the test he adjusted the reference tone 
intensity until, with alternate listening, he judged this 
diminished loudness and that of the reference tone to 
be equal. This was carried out by the observers of 
group la. Separate tests were made to calibrate the 
telephone reference tone in terms of the free-field tone. 
The following results were obtained. With a free-space 
tone of 120 cycles, 80 phons, the mean sound attenua¬ 
tion due to the presence of the receivers on the head was 
22 db. This is equivalent to an impurity in the reference 
tone of about 35 phons below fundamental. At this 
low frequency considerable variation among observers 
was noted. A test at 2 000 cycles, 80 phons, gave 34 db. 
attenuation. As the attenuation indicated appeared 



Phons. 

Fig. 5.—Results obtained with two-telephone subjective 

noise meter. 

(9 o Synthetic noises. O O Pure tones. 

adequate, tests were next made in which the readings 
obtained with a two-telephone noise meter were examined 
for noises of known E.L. The results are shown in 
Table 6. All the tests except two were taken by group I, 
consisting of 5 observers accustomed to subjective meter 
measurements and 5 not accustomed. The instrument 
adjustment for pure tones was first checked. From 
Table 5 it is seen that tests 1, 2, and 3, give points show¬ 
ing a divergence between E.L. and meter reading of 
not more than 2 db. Tests 4 and 5 indicate a marked 
departure from a linear relation at low levels, which 
seems confirmed by test 10, noise I. Such an effect is 
not unexpected with telephones at low levels and is 
receiving further examination. For many purposes it 
may be sufficient to assume a linear relation for the 
meter for levels above 30 phons, i.e. that no correction 
to the readings is required above that level. The 
errors given in Table 6 are calculated on that basis. 


Taking tests 6 to 21, omitting No. 10, the average error 
of meter reading, allowing for sign, is -f 0-7 db. The 
average error, regardless of sign, is 2 • 3 db. This is the 
average amount by which the mean reading of a group 
was in error if a linear calibration curve for the meter 
be assumed. The simple expedient of taldng the 
average of the decibel errors at different levels has some 
justification, since 1 db. represents a constant percentage 
increment in stimulus at all levels, although it does not 
represent a constant increment in loudness. The maxi¬ 
mum error in any test occurs with noise M, the error 
being -f 6 db. 

On the other hand it is seen from Fig. 6 that a smooth 
curve of simple form can be drawn tlurough the three 
pure-tone points. This suggests that the law of the 
meter is not quite linear at high levels t If we assume 
that the curve is the law of the meter for any type of 
noise and correct the readings in accordance with it, 
we obtain for tests 6 to 21 inclusive an average error of 
4-0*6db. The average error, regardless of sign, is 
1*7 db., and the maximum error, which again occurs 
with noise M, is 7-6 db. Thus the curve based on pure 
tones also fits the noise observations more completely 
than the linear relation, and as this conclusion is based 
on 21 tests, none of which is very discordant, it is prob¬ 
able that the curve represents the law of the meter. 
As to whether corrections in respect of the divergence 
between the curve and linear relation are worth appl 3 ring 
is doubtful. It must be remembered that the mean of 
a set of 10 readings probably contains a chance error of 

2 or 3 db., so that corrections of 2 db. or less may not be 
worth applying. From Table 6 the average probable 
error calculated from the standard deviations is 1 • 3 for 
tests 6 to 21, This is the average error probably present 
in the mean meter readings as a whole, as inferred from 
the dispersion of the observers’ judgments. It does not 
include errors from other sources, such as errors in the 
basic E.L. values, errors in the physical adjustments 
of the meter, or such errors as may arise from an assump¬ 
tion that the law of the meter is linear when it is only 
approximately so. The average amount by which a 
test is in error on the assumption of a linear law is 2*3, 
whereas if the law indicated by the curve is assumed the 
average error is 1-7, which is little greater than the 
average probable error of the meter readings, viz. 1-3. 
It is known from pressure measurements that the tele¬ 
phone receivers used are linear up to 110 db. Hence 
the divergence from the linear relation is to be ascribed 
to subjective factors. 

In subjective secondary measurements a small group 
of experienced observers will often be employed. It is 
therefore of interest to compare the values obtained by 
the two sub-groups, la consisting of five experienced 
observers and lb of five observers not experienced. 
Taking the values above 30 phons and assuming a law 
for the meter in accordance with the curve, the average 
amount by which a test is in error is 2-7 db. for la and 

3 -1 db. for 16. Taking account of sign, group la gives 
values which are 1-5 db. too high on the whole, whereas 
group 16 gives values 1-0 db. too low. A tendency for 
the readings of beginners to be lower than those of 
experienced observers has been noticed in one-telephone 
measurements. 
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To sum up, the two-telephone meter enables the EX. 
of any type of noise above 30 phons to be measured 
without correction to about 4 phons with a group of 


to the present discussion. With small numbers of 
observers individual standard deviation values are not 
highly significant, but the average figure of 3-3 is 


Table 5 

Two-telephone Subjective Noise Meter 


Test No. 

Noise 

B.S. phons 

Two-telephone meter 

Error 

standard 
deviation • 

Probal.ile error 

Group 

Reading (mean) 

1 

(a) 1 OOO-cycle tone 

90 

I 

91-5 

-h 1-5 

3-7 

0-9 

2 

(b) 1 OOO-cycle tone 

62 

I 

60-5 

- 1-5 

5-5 

1-2 

3 

(c) 1 OOO-cycle tone 

46 

I 

44 

- 2 

7-0 

1-6 

4 

{d) 360-cycle tone 

13 

I 

29 

+ 16 

4-5 


5 

(e) 120-cycle tone 

17 

I 

31 

+ 14 

5-9 


6 

E 

91 

I 

93 

+ 2 

3-8 

0-9 

7 

F 

79 

I 

80 

+ 1 

4-9 

1-1 

8 

G 

62-5 

I 

64-5 

-f- 2 

7-1 

1-6 

9 

H 

53 

I 

50 

- 3 

8-5 

1-9 

10 

I 

26 

I 

32-5 

+ 6-5 

6-1 

1-3 

11 

J 

79-5 

la 

77-5 

- 2 

2-0 

0-7 

12 

K 

52 

I 

50 j 

_ 2 

7-0 

1-7 

' 13 

L 

75 

I 

72-5 

— 2-5 

5-0 

1 • 1 

14 

M 

53 

I 

58 

-b 5 

7-6 

1-7 

1 0 

N 

95 

I 

99 

4 

3-4 

0-8 

16 

0 

46 

I 

48 

+ 2 

5-5 

1-2 

1/ 

P 

88 

I 

90-5 

+ 2-5 

5-2 

] -2 

18 

0 

103 

I 

107 

”(“ 4 

3-9 

0-9 

19 

R 

91 

I 

91 

0 

5-9 

1 • 3 

20 

S 

73 

I 

70 

~ 3 

7-6 

1 • 7 

21 

T 

80 

la 

81 

-f 1 

6-4 

1-8 


five experienced observers, or within about 2-5 phons 
with 10 observers. If a calibration curve based on 
pure tones of known E.L. be used, it appears that the 
average error may be reduced to approximately 2 • 6 


Table 6 


No. 

! 

Nature of plant 

No. of 
observers 

B.S. 

phons 

Standard 

deviation 

1 

75 000-kvA transformer 

4 

70 

3-3 

2 

75 000-kvA transformer 

4 

61 

2-0 

3 

75 000-kvA transformer 

6 

85 

5-8 

4 

7 5 000-kvA transformer 

6 

77-5 

2-0 

6 

75 000-kvA transformer 

6 

72 

2-0 

6 

12 500-kvA transformer 

6 

68-5 

3-0 

7 

12 500-kvA transformer 

5 

77 

5-2 


phons for five experienced observers and 2-0 for 10 
observers. 

Table 6 gives some values obtained with experienced 
obser\nrs on engineering plant with the two-telephone 
meter. These values will be referred to later in con¬ 
nection with the performance of the objective meter. 

_ different tests on the same apparatus refer to 
different conditions of operation, which are not material 


similar to that obtained by the same observers under 
laboratory conditions. 

The degree to which two-telephone measurements bv 
a group of 5 practised observers could be relied upon 
was explored in more detail in the following test. Noise 
G was set up. From Table 4 its value, as determined 
by groups I and II (20 observers), is seen to be 62 ■ 5 phons, 
with a probable error of 0-6. The noise was then 
measured by a two-telephone meter, the observers being 
those of group la. On this occasion the attenuator dial 
was covered, so that an observer could not see his own 
settings. The voltmeter embodied in the meter, by 
means of which the operating voltage is set, was also 
covered. Four sets of observations were carried out, 
two in the morning and two in the afternoon of the 
same day. All readings were recorded by an experi¬ 
menter, so that the observers did not know their own 
settings or those of other observers. The experimenter 
also varied the voltmeter setting and hence the zero 
of the meter scale over a range of 7 db. without the 
knowledge of the observers. The corrected readings 
are given in Table 7. 

The readings of some observers throughout the four 
tests are seen to be more consistent than those of others. 

y taking the average for the four tests we almost 
eliminate casual divergences, and the average for the 
different observers indicates systematic divergences which 
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spread over a range of 10-5 phons. But it is doubtful 
whether these systematic divergences can be regarded 
as permanently inherent in the observers. They may 
only hold for the day of the test. In the last column 
readings obtained 7 months previously, in which the 
observers were allowed to take their own readings, are- 


it is a safeguard which should tend to greater confidence 
in the final value. 

(c) One-telephone subjective meter. 

The performance of the one-telephone meter having a 
pure reference tone of 800 cycles per sec. has also been 


Table 7 


Noise G. E.L. = 62-5 phons. Meter readings (corrected). 


Observer 

Test No. 

1 

2 

a 

4 

-Averages for 
observers 

Previous test 

C. R. M. 


66 

as 

73 

67 

67 

66 

R. G. 


58 

59 

55 

58 

57-5 

64 

D. H. T. 


61 

58 

52 

55 

56-5 

56 

A. S. E. 


62 

64 

61 

61 

62 

68 

A. J. K. 


67 

66 

67 

67 

67 

65 

Averages for tests 

62-8 

62-0 

61-6 

61-6 

62-0 

63-8 


given, from which it appears that the systematic diver¬ 
gences do not hold over that period. The mean of all 
the readings, 62-0, is in good agreement with the E.L. 
value of 62 • 5, as are also the average values for any of 


examined. All readings were taken with the observer 
facing the source. The meter was adjusted to indicate 
correctly the E.L. of 1 000-cycle pure tones of high 
intensity. A number of readings were then taken for 


Table 8 

One-telephone Subjective Noise Meter 


Test 

Noise 

B.S. phons 

Group 

Reading 

(mean) 

Error 

standard 

deviation 

Probable error 

1 

E 

91 

I 

97-5 

-f 6-5 

6-5 

1-2 

2, 

F 

79 

Ifl 

81 

+ 2 

6-2 

2-1 

3 

G 

62-5 

I 

76-5 

+ 14 

6-1 

1-4 

4 

H 

53 

I 

63 

+ 10 

10-9 

2-4 

5 

I 

26 

I 

33 

+ 7 

7-2 

1-6 

6 

J 

79-5 

I 

82 

-f 2-5 

6-8 

1-3 

7 

L 

75 

I 

80*5 

-}- 5-5 

8-5 

1-9 

8 

M 

53 

I 

65 

+ 12 

7-3 

1-6 

9 

N 

95 

I 

103 

+ 8 

4-2 

0-9 

10 

0 

46 

I 

54 

8 

10 

2-2 

11 

P 

88 

I 

93-5 

-h 5-5 

5-7 

1-2 

12 

Q 

103 

I 

107 

+ 4 

3-9 

0-9 

13 

s 

73 

I 

75 

+ 2 

6-4 

1-4 

14 

T 

80 

la 

80 

0 

8-9 

3-0 

15 

Transformer 

70 

4 obs. 

75 i 

+ 5 

4-1 

— 

16 

Transformer 

61 

4 obs. 

65 ^ 

+ 4 

4-0 



Note ; The E.L. values of Tests 15 and 16 were obtained by the two-telephone method. 


the four tests. The test carried out seven months earlier 
is in error by only 1 • 3 phons. 

The results indicate that, for an important test, to 
have less than five observers is inadvisable and that 
to repeat the test once or twice and take the mean of all 
readings is useful in minimizing the effect of casual 
divergences. It is doubtful whether it is essential to 
prevent observers from taking their own readings, but 


1 000-cycle tones of various levels with group I. With 
the same group in all but two tests, where group la 
was employed, readings were then obtained with the 
meter for various noises of Imown E.L. These are 
shown in Table 8 and plotted in Fig. 6. 

If it be assumed that the law of the instrument when 
adjusted for high levels is linear, it is seen that the 
indications are too high. Although the noises are not 
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evenly distributed over the EX. range, the unsuit¬ 
ability of this assumption may be gauged by taking 
the average amount by which the indications are in 
error, which is 6-2 db., excluding tests 15 and 16. The 
maximum error is 14 db. If we assume the 1 000-cycle 
pure-tone curve to be a generally applicable calibration 
cur\'^e, the meter gives indications too high for levels 
above 80 phons and, in general, too low below SO phons. 
The average departure from this curve, irrespective of 
sign, is 3-3 db., and, allowing for sign, ~ 0-4 db., which 
is considerably smaller than with the first assumption. 
The maximum departure is ± 6 db. Alternatively, a 
simple device is to apply a correction of — 6 db. to all 
readings. On this basis the average amount by which 
the indications are in error, irrespective of sign, is 3 • 1 db., 
and, allowing for sign, practically zero. The maximum 



Fi^. 6. Results obtained with one-telephone subjective 
noise meter. 

G O 1 000-cycle pure tones. 

• O Synthetic noises. 

X X Transformer noises. 

error is + 8 db. Fig. 6 shows that aline displaced 6 db. 
from the dotted line fits the points on the whole, in¬ 
cluding the two transformer-noise points, rather better 
than the 1 000-cycle pure-tone curve. 

The peculiar shape of the 1 OOO-cycle pure-tone curve 
must be ascribed to subjective factors associated with 
the mode of listening involved, i.e. listening simul¬ 
taneously to one sound with one ear and another sound 
with the other ear, since the telephone receivers are 
known to have a linear response up to 110 db. The 
divergence of opposite sign at high and low levels 
between the pure tone and the noise readings suggests 
that the values obtained with this mode ,of listening 
may not be independent of the type of noise under 
observation. On the other hand the divergence may be 
fo^itous. Inquiry into these matters is more appro¬ 
priate to the study of audition than to a search for 


noise-measuring methods suitable for engineering pur¬ 
poses. 

(d) Comparison of one-telephone and two-tele- 
phone meters. 

Table 9 summarizes the performances of the one- 
telephone and two-telephone subjective meters, the 
figures being based on 14 tests with the former and 16 
with the latter. 

Comparing the operation of the two meters from the 
point of view of an observer, the mode of listening with 
the one-telephone meter gives an impression that 
greater certainty of balance has been attained than that 
associated with the two-telephone meter. This is 
particularly the case at high levels. Yet this impression 
is not in accord with the experimental evidence. To 
illustrate the point we may take the average error, 
irrespective of sign, and the average probable error of 
observation for measurements with the two meters 
above and below a level of 75 phons. In estimating the 
former we will use the pure-tone calibration curves of 
the meters so that constant errors may be eliminated 
as far as possible. With the two-telephone meter and 
noises above 75 phons, the average error is l-2db., the 
corresponding average probable error being 1-1. Below 
75 phons the figures are 2-4 and 1-6, respectively. For 
the one-telephone meter above 75 phons they are 3*3 
and 1*6, and below 75 phons 3*3 and 1 • 8. Thus, based 
on both the ascertained average eiTOr and the estimated 
probable error of observation, the two-telephone meter 
is actually more trustworthy in its operation than the 
one-telephone meter at both high and low levels. Three 
factors may contribute to this result. First, the two- 
telephone meter avoids the abnormal condition of 
different sounds in the two ears heard simultaneously. 
Secondly, the criterion of balance is not loudness equality 
but absence of change of loudness where the sounds are 
heard alternately, which is likely to be more discrimi¬ 
nating. Thirdly, binaural listening gives greater sensi¬ 
tivity to loudness differences than monaural listening. 

Apart from the dispersion of the indications, the law 
of the two-telephone meter for levels above 30 phons is 
more nearly linear than that of the one-telephone meter, 
on account of the mode of listening being the nearest 
practicable approximation to that embodied in the 
definition of E.L. 

The procedure of the two-telephone method is less 
convenient than that of the one-telephone method. 
The two methods can be embodied in one instrument 
and either method used according to the circumstances 
of the test. 

(e) Objective Meters. 

It would be highly desirable if noise could be 
measured by purely instrumental means such that any 
personal observational error was quite negligible. Meters 
consisting of a microphone, amplifier, and indicating 
instrument, have been made for some years and have 
been adjusted by weighting networks so that, when 
presented with single pure tones, they indicate in 
accordance with the equal-loudness relations adopted. 

If the relations are valid, the E.L. of pure tones will be 
correctly indicated. But, in addition, such meters have 
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been used to measure complex noises, and the implied 
assumptions as to the law of summation of the human 
ear for such noises call for verification. In some of the 
meters it is assumed that an energy summation of the 
weighted components is correct and therefore a thermal 
instrument is used. (This implies that the relative 


equal loudness. This suggested tests R and S, as saw¬ 
tooth wave oscillations contain many harmonics of 
intensity gradually decreasing with frequency. The 
very large errors of 19 and 23 indicate the extent 
to which the objective meter can be in error when 
measuring such a noise. The fact that the error is very 


Table 9 


Basis of calibration assumed 


Average error, irrespective of sign, assuming hnear law 
Average error, allowing for sign, assuming linear law .. 

Average error, irrespective of sign, assuming pure-tone law 
Average error, allowing for sign, assuming pure-tone law 
Average error, irrespective of sign, assuming linear law corrected 6 db 
Average error, allowing for sign, assuming linear law corrected 6 db... 
Average probable error of observation 


Decibels 

One-telephone meter 

Two-telephone meter 

6-2 

2-3 

+ 6-2 

+ 0-7 

3-3 

1-7 

~ 0-4 

-}- 0-6 

3-1 

-- 

0 

—, 

1-7 

1*3 


phase of the components is unimportant. The authors 
have found that this is so, except perhaps at levels over 
100 phons.) In other meters, instruments of the copper- 
oxide rectifier type have been found to give similar 
results to the thfermal type and are therefore used be¬ 
cause of their geater robustness and overload capacity. 
In examining the performance of objective meters, the 
authors therefore made measurements, whenever possible, 
by an apparatus, correctly weighted in respect of fre¬ 
quency for the level in question, and using a rectifier 
output instrument calibrated, in conjunction with 
variable attenuators, directly in db. In examining the 
performance of the objective meter the analysis of the 
sounds was known in most cases, so that the equivalent 
1 000-cycle energies of the components were loiown and 
summation readily effected. 

The relation of these two values to the E.L. values is 
shown in Table 10. 

In. choosing these noises to demonstrate the pro¬ 
perties of the objective meter, the guiding principle 
was that, from the point of view of the ear and its 
summation of tones, noises can be considered as ranging 
from pure tones, through cases where one tone is more 
or less predominant, to groups of tones in which the 
tones of any one group are of equal loudness. It is a 
comparatively simple matter to adjust the sensitivity 
of an objective meter by means of weighting circuits so 
that it indicates correctly for pure tones in accordance 
with accepted equal-loudness relations, but a study of 
Fig. 4 shows that the adjustment of the sensitivity 
should be appropriate to the level of the tones in 
question-. It is therefore necessary to provide a switch 
on the apparatus to set the weighting in accordance 
with the indication of the instrument. 

Turning to the other extreme. Table 10 shows the 
effect of a group of tones all of equal loudness. It is 
seen that at moderate intensities the objective-meter 
indications are more and more in error, negatively, the 
more components there are present of approximately 


much less in the case of noise T is due to the incorrect 
weighting of the apparatus at the very low frequency of 
10 cycles per sec. 

In practice, engineering noises may lie anywhere 


Table 10 


Noise 

B.S. phoiis 

Objective meter 
readings 

Errors 

Calculated 

Observed 

Calculated 

Observed 

A 

61 

53 

56 

- 8 

- 5 

B 

37-6 

33 


- 4-6 


C 

59 

53 

55 

- 6 

— 4 

D 

80 

73 


— 7 


E 

91 

88 


- 3 


F 

79 

69 


- 10 


G 

62-5 

48 

50-6 

- 14-5 

- 12 

H 

53 

38 


- 15 


I 

26 

18 


- 8 


J 

79-6 

68 


- 11-5 


K 

52 

38 


- 14 


L 

75 

58 


- 17 


M 

53 

38 


~ 15 


N 

95 

95 


0 


O 

46 

31 


- 15 


P 

88 

76-4 

76 

- 12-6 

- 12 

Q 

100 

98-5 


- 1-5 


R 

91 


72 


- 19 

S 

73 


60 


- 23 

T 

80 


74 


— 6 


between these two limits of pure tones and " multi 
equal loudness ” tones. Noise P is a typical turbo¬ 
generator noise of 10 important components, the re¬ 
mainder being omitted as they were small. In this case 
there is very good agreement between the calculated 
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Table 11 

Performance of Objective Meter on Transformer Noise 


(Sources A and B are 75 000-kVA transformers, type OFW, 3-phase, 11 000/66 000 volts. Source C is a 

12 500-kVA transformer, type OFW, 3-phase, 66 000/6 600 volts.) 


Test No. 

Source 

Analysis of noise (frequency/phons) 

Summed equivalent 
energy 

B.S. phons (2 tel.) 

Error of meter 

1 

A 

1 

100/55, 200/64, 300/47, 400/48, 500/38, 600/50, 

db. . 

65 

70 

- 5 



700/40, 800/44, 1 100/39 




2 

A 

100/38, 200/63, 300/44, 400/44, 500/40, 600/35 

63 

61 

+ 2 

3 

B 

100/70, 200/71, 300/81, 400/68, 500/64, 600/62, 

82 

85 

o 

— o 



700/59, 800/57, 1 000/48, 1 100/52, 1 200/44, 

1 400/42 




4 

B 

100/60, 200/69, 300/67, 400/64, 500/48, 600/52, 

72-5 

77-5 

- 5 



700/50, 800/48, 900/39, 1 100/43 




5 

B 

100/65, 200/67, 300/67, 400/56, 500/44, 700/50 

71-5 

72 

~ 0-5 

6 

c 

100/58, 200/64, 300/61, 400/41, 500/44, 600/54, 

66-5 

68-5 

_ 2 



700/40, 800/38 




7 

C 

100/64, 200/68, 300/72, 400/45, 500/58, 600/62, 

74-5 

77 

- 2-5 



700/50, 800/46, 900/45, 1 000/44 





summed-energy value of 75-4 and the objective-meter 
reading of 76, but both are far from the E.L. value of 
88 phons. When one tone is 5 or more phons above the 
other components of a noise the error of the objective 
meter is not so great. This is illustrated by some tests 
on two 75 000-kVA and one 12 500-kVA transformer 
.given in Table 11. 

In all except one case the instrument reads low by 
amounts up to 5 db. These errors are comparatively 
small, but it must be remembered that with other 
transformers or other acoustical conditions the effect 
illustrated in noises E to I of Table 4 may cause errors 
of up to 15 db. 

Comparing the calculated and measured objective 
values of Table 10, two points of difference must be 
borne in mind. First, as has already been mentioned, 
the calculation is performed on an equivalent-energy 
basis and therefore amounts to taking the r.m.s. value 
of the equivalent 1 000-cycle pressures, whereas the 
rectifier meter yields something between the r.m.s. and 
average values of these pressures. Secondly, in the 
calculation the correct contour is used in obtaining the 
E.L. of each component, whatever its value, whereas 
the objective meter uses one contour, set in accordance 
with the meter reading for the whole noise, for all the 
components, irrespective of level. It is not anticipated 
that either of these points wilL cause large errors in 
practice. 

The performance of the objective noise meter is 
summarized in Fig. 7. The three curves illustrate the 
increasing inapplicability of the law of the instrument 
as the number of component tones of approximately 
equal loudness in the noise increases. The effect is 
most marked at medium intensities, the divergence from 
the pure-tone values decreasing at high and low 
intensities. 

It is clear, therefore, that in order to estimate the 
error of the objective-noise meter in any particular case 
it wquld be necessary to have a detailed analysis of the 


noise, giving the frequency and the magnitude in phons 
of each component. An approximation to the phon 
value could then be made by interpolation in Fig. 7 and 
comparison with Table 10. In cases where this is 



Fig. 7 •—Results obtained with objective noise meter. 

-I- + Two equally loud tones. 

• • Si-x equally loud tones. 

P Ten tones. 

X X Saw-tooth wave. 

practicable, the need for the objective meter is elim¬ 
inated. On the other hand it is possible to calibrate,, 
an objective meter for a given type of noise. In that 
way the instrument can be extremely useful as a routine 
check on the noise of a number of supposedly identical 
machines in a factory, where the time required for sub- 
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jective tests would be prohibitive. The calibration 
could be effected in terms of the mean of the readings 
of 6 observers, using the 2-telephone apparatus, on 
machines covering the range met with in manufacture. 
Provided the character of the noises does not change 
greatly, such a procedure is quite justifiable. 

Another case where the objective meter is essential 
is with a noise of short duration where there is not 
sufficient time for a subjective reading. If the duration 
is sufficient to give a steady reading on the meter, then 
the equivalent intensity of the noise can be given with 
the possibility of giving also the E.L. value, if the 
correction for the type of noise is known. If the dura¬ 
tion of the noise is so short that the meter has not time 
to reach a steady value or if the noise is very inter¬ 
mittent, it is necessary to modify the time response of 
the meter so that it indicates correctly the E.L. of 
noises of that character. The authors have made no 
attempt to do this in the present paper. 

(7) THE EQUIVALENT LOUDNESS OF NOISES 
ASSOCIATED WITH IRREGULAR SOUND FIELDS 

In many practical cases met with in engineering noise 
problems the sound field associated with the noise to be 
measured does not consist of a plane wave or waves 
coming directly from in front of the observer, such as is 
envisaged in the definition of the phon. The form of the 
field may differ from this in varying degrees up to a 
completely diffused distribution. Irregular fields may 
arise from the manner in wMch the sound is radiated 
from a machine of complicated form or from a machine 
consisting of more than one unit, such as a motor- 
generator. Components of different frequencies may 
be radiated in different directions from different parts 
of the machine. If the machine is installed in a confined 
space or near a wall or other sound-reflecting objects, 
the field distribution will be further complicated by 
reflected waves. In general, it is only when measure¬ 
ments are made under conditions approximating to 
infinite space (e.g. in the open, in a lined test-room, or 
in a building very large compared with the dimensions 
of the machine) and at a distance from the machine 
several times its largest dimension, that an approxi¬ 
mately plane-wave distribution is obtained. If obser¬ 
vations are made on a noise of irregular field distribution 
by means of an objective noise meter, the indications 
will be arbitrarily dependent on the directional pro¬ 
perties of the microphone used, which may be pro¬ 
nounced. The two-telephone subjective meter enables 
this difficulty to be eliminated. Its use in an irregular 
field enables the noise associated with the field to be 
expressed in terms of the standard 1 000-cycle plane' 
wave which for a “ normal observer ” produces an 
equal loudness sensation. Thus the effect of the irre¬ 
gular field on the loudness sensation experienced by a 
normal observer is regarded as a constituent of the E.L. 
of the noise for the particular location and orientation 
taken up by the observer in the field. 

Used for this purpose the two-telephone meter may 
be regarded as a link or transfer instrument between 
the ideal plane-wave distribution and the more or less 
irregular distributions which occur in practice. 


<8) CONCLUSIONS 

The value of a common standard to which the 
performance of all noise meters may be referred is 
evident. The B.S. phon enables a. consistent, unifying 
system of noise measurement to be set up, relevant to 
the manner in which sounds are normally heard. It 
provides a definite objective for the development of 
improved noise meters, viz. that their indications shall 
be in terms of the standard. It also throws considerable 
light on the mode of operation of existing meters, 
which, in the absence of a standard, could only be 
conjectured. Knowledge of the defects of existing 
meters clearly contributes to the development of 
improved meters. 

Experience indicates that under suitable laboratory 
conditions and using the technique described, repre¬ 
sentative E.L. values in accordance with the definition 
may, in general, be determined to within 2 phons 
with a group of 10 observers. The uncertainty may be 
further reduced by employing a larger group. Hence 
E.L. values of a precision adequate for present pur¬ 
poses are obtainable, since the errors of present noise 
meters are of a higher order. However, it is of interest 
to consider how the precision of the standard might be 
increased. If it were sought by way of an improved 
technique, a fundamental requirement would be the 
retention of the principle of the observers performing 
their essential task of judging relative loudness and no 
more, under conditions as simple and natural as possible. 
The object of the improved technique would be to 
enable an observer to give more consistent judgments 
and the several observers more unanimous judgments 
under these conditions. It is probable that the dis¬ 
persion observed with the C.S. procedure arises from 
limitations inherent in the observers. With a given 
group, the effect of the inconsistency of individual 
observers’ judgments can be minimized by taking the 
mean of repeated tests. The effect of systematic diver¬ 
gences between observers can only be reduced by 
employing more observers. This also tends to minimize 
the effect of individual inconsistencies. Hence an 
increase in the number of observers is likely to be the 
best means of increasing precision, and without con¬ 
siderably more than 10 observers an improved technique 
can hardly be of material value. With 20 observers and 
a standard deviation of 3 the probable error is approxi¬ 
mately 0-5. At some levels this is already smaller 
than the minimum detectable change of intensity for 
the average person. At 800 cycles per sec., which is 
sufficiently near to 1 000, this quantity for binaural 
listening is approximately 1 • 9 db. at a level of 10 phons, 
0 - 9 at 60, and 0 - 3 at 90. Hence it appears that ample 
precision is already obtainable if a sufficiently large 
group is employed. 

With regard to equal-loudness relations, it is the 
authors’ view that, in the study of noise as ordinarily 
perceived, the relations used should be determined 
directly for free-field conditions. 

The indications of the conventional objective meter 
can be so wide of the mark that the authors have, as an 
intermediate step, explored the possibility of removing 
some of the practical objections to subjective secondary 
methods. The two-telephone meter enables a steady 
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noise of any type to be measured in the field -within 
limits -w^hich are sufficiently small for most technical 
purposes. Uncertainty may be further reduced, "without 
employing an impracticably large group of observers, 
by the adoption of special precautions. The two- 
telephone meter forms a convenient means of measuring 
noise associated -with irregular sound fields, and is not 
liable to arbitrary effects which may arise "with objective 
meters when field irregularity is present. 

The one-telephone meter is convenient in use but its 
indications are not so -trustworthy and are liable to a 
correction the basis of which does not appear to be very 
certain. 

Two general points may be noted. The authors’ 
experience confirms the view that in subj ective measure¬ 
ments the impressions of an observer do not form a 
"teustworthy indication of the conclusiveness of his 
judgments and are often completely at variance with the 
recorded observations. 

The subjective effects of telephone receivers embodied 
in noise meters should not be assumed but should be 
verified in terms of free-field conditions for the range 
over which they are used. 

Considered as a generally applicable noise meter, the 
performance of the conventional objective meter is 
altogether inadequate. It does not compare noises of 
different E.L, and the same composition unless they 
consist substantially of pure tones. It does not compare 
noises of different compositions and the same E.L. 
Hence it must be used -wi-fh caution and only when cali¬ 
brated for the composition and approximate level in 
question. At 90 phons and over, the meter is fairly 
consistent and forms a valuable means of measuring 
loud noises. But since the object of research in engi¬ 
neering-noise problems is to reduce noise to moderate or 
low levels, the meter is of restricted value where it is 
most needed. 

In conclusion, it is seen that the primary E.L. measure¬ 
ments have, as a whole, a substantially higher precision 
than is usual with field • measurements by secondary 
subjective methods. The authors ascribe this to (a) the 
noises being accurately constant and reproducible; also 
(6) to the observers being free from the distracting 
influences of extraneous noise and fatigue, and (c) from 
the use of telephones and the making of adjustments. 
Further, (d), the normal mode of listening is used, the 
judgment being assisted by hearing the sounds undei* 
comparison in quick succession. In the laboratory 
measurements with the two-telephone meter, the 
advantages of (a), [b], and (d), remained, but the ad¬ 
mission of (c) was accompanied by a loss of precision. 
The abnormal simultaneous listening to diflerent sounds 
in the two ears involved in the one-telephone method 
was accompanied by a further loss of precision. Hence 
the authors consider that the choice of the B.S. phon 
as a primary standard of reference is justified not only 
by its relevance to the manner in which noise is normally 
heard, and hence to practical issues, but also by'the 
higher precision of which it is capable, compared with 
the other subjective methods examined. 

No system of measurement which is plainly incom¬ 
patible -with simple aural assessment will commend itself 
for engineering purposes, since in that sphere the aural 


criterion will prevail. Any obvious contradiction be- 
"tween measurement and considered aural impressions 
would lead to the rejection of the former. An arbitrary 
objective standard has sometimes been advocated. In 
the present state of the art, such a standard would 
introduce an aurally incoherent element, adverse to 
progress in both the study of acoustical science and its 
application to industrial problems. In the authors’ 
view the B.S. phon constitutes a unif 5 dng and practicable 
subjective primary standard, affording a firm foundation 
upon which the future study of noise, both scientific 
and industrial, may proceed. 

The subject of noise measurement is in a state of rapid 
development. Hence, now that a reasonably adequate 
primary standard is available to guide the development 
of noise meters in regard to performance, the authors 
are in favour-of avoiding restrictions in the principles 
or details of construction of such meters, provided their 
performance conforms to the standard. In this way 
the evolution of meters technically adequate and prac¬ 
tically convenient will be assisted, 
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APPENDIX I 

Physical Basis of Measurements 

The measurement of the frequency, intensity, purity, 
and field distribution, of the experimental tones is 
effected by condenser microphone and associated 
measuring and analysing circuits. 

The condenser microphones are of a uniform pattern, 
2|- in. outside diameter and constructed with the 
^aphragm surface flush with the case. The diaphragm 
is 1| in. dia. The microphone, connecting leads, and 
other circuits, are completely screened. The microphone 
output voltage is fed into a battery-operated amplifier 
of adjustable gain. The amplifier output is fed into an 
electrical frequency analyser of the double turned circuit 
type described in a previous paper.* The analyser has 
a range of 25 to 25 000 cycles per second, is continuously 
adj US-table over five overlapping ranges, and is highly 
selective. Two tones of equal intensity and differing 
by only 4 per cent in frequency may be measured to 1 db. 
The current in the second resonant circuit of the analyser 
is passed through a meter having a range of 20 db. 
This covers the 10-db. steps in which the gain of the 
amplifier is adjustable. Suitable meters and controls 
are provided so that the anode currents and filament 
voltages of the various valves may be adjusted to fixed 
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values. This, combined with the conservative design 
of the amplifiers, gives day-to-day constancy of ampli¬ 
fication to 1 db. However, for basic measurements, 
this constancy is not assumed. A potentiometer, fed 
from an adjustable-frequency oscillator, is provided so 
that voltages of known frequency and magnitude may 
be applied to the first stage of the amplifier. By this 
means an overall check of the combined amplifier and 
analyser calibration can be quickly obtained at any 
frequency and level. This check is carried out at every 
basic equivalent-loudness determination. 

Frequency determinations are ultimately based on a 
valve-maintained tuning fork of 1 000 cycles per second, 
the frequency of which is known to a few parts in 100 000. 
Multiple and sub-multiple frequencies are compared 
with the fork by means of a cathode-ray oscillograph. 

The microphones are calibrated by means of the 
Rayleigh disc. Pressure calibration is carried out by 
the resonant-tube method. Two tubes are used; a large 
tube having a range 26 to 1 000 cycles and a small tube 
of the minimum practicable diameter, i.e. the diameter 
of the microphone diaphragm. This tube has a range of 
250 to 9 000 cycles. The discs consist of a microscope 
cover slip in the large and a mica disc in the small tube. 
Advantage has been taken of a technique developed by 


carried out in a lined cabinet. A substitution method is 
used and arrangements are provided by means of which 
substitution of disc for microphone or vice versa may be 
effected without opening the cabinet. In this way dis¬ 
turbance of the thermal conditions is avoided. The 
field distribution in the operating region was explored 
by means of a fine probe tube and microphone and the 
absorption and other conditions adjusted until adequate 
freedom from irregularities was obtained. Field cali¬ 
bration is carried out over the range 500 to 9 000 cycles. 
It is found that the field calibration is consistent 
with the pressure calibration at a given frequency, 
taking into account the increased sensitivity to be 
expected as the wavelength approaches the microphone 
diameter. 

APPENDIX II 

Experimental Sound Sources 

Given a test room of adequate absorption, the main 
problem in setting-up sounds for basic E.L. deter¬ 
minations is to secure adequate purity at high intensities. 
As stated on page 6 three sources, A, B, and C, have 
been used. The choice for a given measurement depends 
on the characteristics of the sound in relation to the 
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the Metropolitan-Vickers Electrical Company by means 
of winch a small aluminium film is deposited directly on 
the disc, fonning a high-grade mirror. By this means a 
sharply-defined light spot is obtained and some diffi¬ 
culties which arise with the usual methods are avoided. 
The glass suspensions used give a very stable performance. 
The restoring torque of the suspension is obtained from 
a torsion pendulum measurement. The authors have 
availed themselves of recent work on the errors of the 
Rayleigh disc, and the proportions of the discs used have 
been chosen to make these errors as small as is practicable. 
Corrections have then been applied for the residual 
errors. From a consideration of the various errors 
involved in the calibration, the overall error of the final 
calibration constants is not thought to exceed 2 per cent. 
Although the discs and suspensions of the two tubes are 
of quite different dimensions, a comparison of pressure 
calibrations obtained by the two tubes shows agreement 
to within 2 per cent over the range 260 to 1 000 cycles. 
An unpolarized condenser microphone has been found to 
be very satisfactory as a double-frequency sound source. 
The purity of the source is an important matter and 
particular attention w-as paid to the design of the 
oscillator used to supply the source. The purity of the 
pressure wave set up in the tube is examined at every 
calibration. At a given frequency, readings are taken 
at several pressures within the range of the disc to detect 
any possible non-linearity. The field calibration is 


properties of the loud-speaker. A schematic diagram 
of the circuits employed is shown in Fig. 8. If the 
special changeover switch described in Section Z[a) is 
thrown over to one position the voltage of a 1 000-cycle 
oscillator is applied, through attenuator B, to the first 
stage of a power amplifier, the output of which is applied 
to the loud-speaker through attenuator A. The reference 
tone is thus set up. If the switch is thrown over to the 
opposite position the voltage of an oscillator or other 
appropriate electrical source is applied to the amplifier 
through attenuator C, thus setting up the test sound. 
The intermediate switch position disconnects both 
sources. D is a push-pull oscillator of adequate purity. 
B is adjustable in 1-db. steps and is used to vary the 
intensity of the reference-tone presentations during 
an E.L. measurement. The power amplifier is of 
24 watts output and is adequate for producing the 
loudest tones required. Attenuator A is a convenient 
means of attenuating both sounds by the same amount. 
This, in conjunction with C, enables the test sound-level 
to be adjusted. 

The nature of E depends on the type of sound desired. 
For pure tones a push-pull oscillator continuously 
adjustable, in five overlapping ranges, from 40 to 
26 000 cycles per sec. is used. For complex non- 
haimonic sounds 6 push-pull oscillators of nominally 
fixed frequency have been constructed. Each is pro¬ 
vided with a coarse and fine attenuator, so that the 
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relative intensity levels of the components of the sound 
may be independently adjusted. The frequencies of 
these oscillators can, if required, be re-set for other values 
by adjusting the capacitance and/or inductance in circuit. 

For the production of harmonic complex sounds an 
electromagnetic tone generator has been constructed. 
Considerations of space permit of it being described in 
outline only. It consists in effect of 10 small alternators 
mounted on a common shaft. Their frequencies are 
120, 240, ... 1 200 cycles. Cobalt-steel magnets supply 
the excitation. Across the armature winding of each 
alternator is connected a resonant circuit to purify the 
wave-form of the terminal voltage, and a potentiometer 


resistances due to heating and changes in the motor 
load due to brush and bearing friction variations would 
cause changes in the speed of the tone generator. A 
1000-cycle single-phase synchronous motor, of , similar 
construction to the alternators, is therefore mounted on 
the same shaft. This motor is supplied from a 1000- 
cycle valve-maintained tuning-fork operating in con¬ 
junction with a power amplifier. As the synchronous 
motor is capable of exerting sufficient torque to counter¬ 
act any of the ordinary causes of speed variation, the 
tone generator is held in synchronism with the fork, the 
frequency of which is practically invariable. Syn¬ 
chronism is indicated by a stroboscopic device. 



Fig. 9.—Equal-loudness relations, determined under free-field conditions. 


resistance, by means of which any desired fraction of the 
terminal voltage may be tapped off. Means for adj usting 
the relative phases of the voltage are also provided. The 
voltages of the 10 alternators are connected in series and 
applied to attenuator C. 

The set is driven by a shunt-wound d.c. motor. 
The d.c. supply is provided by a shunt-wound d.c. 
generator driven by a 3-phase induction motor oper¬ 
ated from a power system of large capacity. The 
speed of the driving motor depends only on the supply 
frequency, which is very constant, and is independent 
of a.c. supply voltage within fairly wide limits. Hence 
the d.c. generator voltage is very steady. However, 
even with steady voltage, gradual changes in winding 


Thus, by means of tlris apparatus, harmonic noises 
containing up to 10 components of any relative intensity 
may be set up. The practically invariable speed and 
the permanent-magnet excitation, together with a very 
stable amplifier, enable harmonic noises of a high degree 
of constancy to be set up. This is an important aid to 
precision in basic measurements. 

APPENDIX III 

Extended Free-Field Equal-Loudness Relations 

{Received. %\st April, .) 

. It is well to recall that the drawing of equal-loudness 
contours involves the supposition that if,' with three 
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tones of different frequencies, tones A and B are equally 
loud and also tones A and C, then tones B and C are 
equally loud. If this were not so, doubt would be cast 
on the significance of the conception of two sounds being 
equally loud. Out of curiosity, the point was examined 
with a group of 10 observers in the early stages of the 
investigation. A level of about 86 phons was em¬ 
ployed. Two tones, of 2 600 and 4 500 cycles respec¬ 
tively, were each measured in terms of a 1 000-cycle 
tone. The 2 500- and 4 500-cycle tones were then 
directly compared. The overall probable subjective 
error of the comparison was estimated to be 1 db. The 
observed discrepancy in the mean values was 2-6db., 
which could be accounted for by the dispersion, but it 
was more likely to be due, in part, at least, to the en¬ 
hanced physical errors which arise in high-frequency tone 
comparisons and which may not bo included in the esti¬ 
mated probable error. This is suggested by a further 
comparison carried out with tones of 1 000, 500, and 
150 cycles, where the physical conditions are far less 
critical. Here the estimated probable subjective error 
was also 1 db. but the discrepancy in the mean values 
was 0-2 db. Hence the tests confirm that two sounds 
which are each as loud as a thii'd sound are as loud as 
one another. 

Since the original free-field equal-loudness relations 
were determined, improvements in experimental condi¬ 
tions have enabled the range of the data to be 
extended. A set of relations derived entirely from free- 
field measurements has now been plotted, as shown in 
Fig. 9. 

Improvements in the sound source enabled deter¬ 
minations at over 100 phons to be made. By extrapo¬ 
lations of a few db. the llO-phon contour has been 
deduced down to 120 cycles. For lower frequencies a 
somewhat larger extrapolation has been needed. At 
high frequencies field conditions have been improved, 
and the use of a head-rest has minimized the effect of 
variation in the position of an observer’s head in the 
field. In addition to the high-intensity determinations, 
further values at 4 500 and 9 000 cycles have been 
obtained which are concordant with the original values. 
A set of values for 2 500 cycles has also been obtained. 
To verify the downward bend of the contours above 
8 000 cycles, which is suggested by the 9 000-cycle data, 
some measurements were made at 12 600 cycles. The 
tone was clearly audible to all the members of Group I, 


Large dispersions were obtained, as expected. At one 
level tests were made with source B and with a small 
source D. At this frequency the latter gave a much 
more uniform field than the former and, taking this and 
the large dispersion into consideration, the agreement in 
the mean intensity-level values was as good as could be 
expected. The 12 600-cycle measurements confirmed 
the downw'ard bend of the contours. The ages of the 
observers varied between 21 and 37, the average being 
31 years. To some observers tones of 18 000 or 20 000 
cycles are audible. Since inaudibility is ultimately 
reached as frequency is increased, it seems not im¬ 
probable that the intensity level for a given E.L. ulti¬ 
mately increases indefinitely, i.e. the contours bend up 
again before 18 000 or 20 000 cycles is reached. (The 
upward bend of the contours at high levels as the lower- 
frequency region of inaudibility is approached may be 
noted.) It was found that a few persons of 46 years of 
age and upwards who were asked to listen to the 12 600- 
cycle tone were unable to hear it. A peculiar effect was 
encountered in attempting to obtain 8 000-cycle values, 
where a minimal aural sensitivity appears to occur. It 
was found that, at the normal inclination of the head, 
the loudness sensation was critically dependent on 
inclination—far more so than at 6 400 or 9 000 cycles. 
The dependence was so critical that useful results could 
not be obtained at 8 000 cycles. It may be noted that 
Sivian and White* have found a maximum difference in 
threshold pressures for a spherical field and one of random 
incidence at 8 000 cycles, thus showing a minimum col¬ 
lecting power of the ear for normal head inclination at 
this frequency. This minimal sensitivity appears to be 
a direct consequence of the proximity of the critical to 
the normal head inclination. 

Equal-loudness determinations at the highest fre¬ 
quencies being considerably dependent on the age of the 
observers, there is little to be gained by further refinement 
of technique in this region for equal-loudness relations 
intended for general use. For frequencies below 1 000 
cycles a consideration of all the possible sources of error 
suggests that the relations are applicable to the ” normal 
observ'er ” (and therefore to people in general) to within 
i 2 db. The authors have found that the use of the 
data of Fig. 9 has removed many anomalies, particularly 
those encountered in the correlation of the E.L. of the 
components of machinery noise, obtained by sound 
analysis, with the E.L. of the whole noise. 


DISCUSSION BEFORE THE METER AND INSTRUMENT SECTION, 12 TH FEBRUARY, 1937 


Mr. W. West: Meters for measuring noise have been 
in use for many years, but the subject of noise measure¬ 
ment remains in a highly controversial state. The 
reason appears to be that the quantity we are measuring, 
loudness, is not a physical quantity but a sensation; that 
is to say, the question is one of opinion rather than of 
fact. If the measurements themselves are based on 
opinion, it is obvious that the whole subject lends itself 
to interminable discussion of an inconclusive nature. 
It appears to be necessary to discover a satisfactory, 
readily reproducible, and representative, average opinion. 

In this country, as is described in Section (2) of the 
paper, a useful step has been made by the formulation 
VoL. 81. 


of a standard—the British Standard Phon. Similar 
work has been done by standardization authorities in 
other countries, and this is to be followed up and, I hope, 
consolidated, by an international conference on acoustics. 
In my view, the usefulness of an international standard 
for noise measurement will depend more on its practica¬ 
bility and on the degree of unanimity of its acceptance 
than on the purely technical details involved. 

By way of illustration, I will mention a few of the 
possible diverse opinions that may be held vsdth regard to 
noise measurement. If the purpose of measurement is 

, J; SwiAN and S. D. White ; Journal of the Acoustical Society of America, 

1933, vol. 4,p. 288. . 
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for noise abatement, it may be contended that the first 
step towards a scientific study of the problem must be 
the development of a proper technique for measuring the 
loudness of the noise. On the other hand, the view may 
be taken that loudness, being a sensation, is not analogous 
to any physical quantity and that the results of measure¬ 
ment of loudness will have little value since they cannot 
be used to decide what is a practical or economic limit 
to be set on any particular noise-reducing treatment. 
Some people may regard the loudness, by itself, as a 
relatively insignificant measure of the annoyance caused 
by noise, citing the case of a neighbouring loud-speaker 
the sound from which arrives at a relatively low loudness 
level hut may possibly cause relatively great annoyance. 
Others could reply that annoyance is in any case a matter 
of psychology and circumstances, and, since loudness is 
the magnitude of the sensation, a measurement of the 
loudness provides all that can be attributed to the noise 
itself as a potential source of annoyance. In some cases 
another aspect of the noise problem may predominate, 
namely the masking effect, e.g. the preventing of good 
listening conditions in an auditorium or on the telephone. 
It cannot necessarily be assumed that the loudness of 
the noise is a more suitable gauge of this effect than 
would be any other arbitrary measure of magnitude. Or 
again, there is the point of view that the measurement 
should be transferred from the realm of subjective testing 
(opinion) into that of objective testing (fact) by the 
adoption of a standard, specifiable objective meter. 
The contrary view would maintain that although the 
objective meter provides facts rather than opinions, yet 
the relevance of these facts is as much a matter of 
opinion, and indeed they may be misleading. 

These few examples illustrate the possibilities of wide 
divergences of opinion and the need for a willingness to 
compromise for the sake of standardization. They also 
indicate that different methods of measurement may be 
more or less suitable for different purposes of measure- 
merit. 

The paper may give the impression that the problem 
of noise measurement is an easier one than it actually is 
in its generalized form. The majority of noises are not 
sustained for long periods at one level, but fluctuate in 
an irregular and often violent manner. Such are the 
noises of everyday life with which a telephone service 
has to contend. 

The general extent of agreement between the results 
by different observers, as quoted in the paper, appears to 
be somewhat more close than is usual in our experience. 
For example, three practised observers, using a " one- 
telephone " subjective meter, carried out an extensive 
survey of noise at telephone locations in London. The 
survey occupied about 3 months and throughout this 
period, repeated calibrations were made in the laboratory, 
the observers taking readings of a standardized noise at 
different known loudness levels. Inspection of the 
record of these numerous calibration tests showed that at 
a moderate level (where the divergence was widest) the 
average for one observer differed from that for another 
observer by 15 phons. The individual readings of any 
one observer were spread over a range also of about 
15 phons. We have always adopted the principle of 
having separate calibrations for each observer using the 
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meter, whenever possible, rather than associating a single 
calibration with the meter itself. 

Mr. C. A. Mason: I am firmly convinced that sub¬ 
jective measurements of the nature outlined in the paper 
are fundamentally correct, but the authors make one or 
two statements which rather worry me. According to 
the tables either 10 or 5 observers were used in their 
tests; I find that it is necessary to use a large number of 
observers in order to obtain very consistent results, a 
method which is rather cumbersome in practice. The 
chief trouble with subjective readings is persuading 
people to believe the results when they have been ob¬ 
tained. There is a statement in the paper which rather 
confirms this. It therefore appears that there are con¬ 
siderable practical difficulties in the application of 
subjective methods. 

The phon values which we obtain for a noise do not 
express the loudness of that noise. We who are accus¬ 
tomed to acoustic measurements know—^when a noise 
level of 60 phons is quoted—how loud it will sound, but 
there is no simple relation between phon value and loud¬ 
ness. In Fig. 7, showing the average results obtained 
with the objective meter, the lower curve gives the 
average value indicated by an objective meter for six 
tones. As the phon value does not give us an accurate 
idea of the loudness of the noise, why not start off with 
the lower curve ? Readings taken using this curve 
might be called ‘‘ objective phons,” to differentiate them 
from normal phons. The dotted lines in Fig. 7 approxi¬ 
mately represent the deviations which we are likely to 
obtain from objective measurements. Some investigations 
which I have made show that in cases where the objec¬ 
tive meter fails, such as transformer noises, the deviation 
obtained in subjective measurement is much greater than 
with the types of noise where the objective meter gives 
more accurate results. We once tested a transformer, a 
motor, and a complex tone from a loud-speaker; we had 
20 observers, who were asked to place the noises in order 
of loudness. All the loudness values were within a band 
of 10 phons, but the judgments which we obtained were 
not at all consistent. This argument is submitted as 
objective readings are easily made and reproduced. 
Such readings do not give us a direct measure of loud¬ 
ness, but neither do subjective readings in phons, so that 
it is probable that such readings would be at least as 
useful as subjective measurements, and could be obtained 
much more easily. 

I should like to support the statements made by the 
authors on the use of objective meters for routine testing. 
In our works we have calibrated objective meters, after 
taking subjective measurements of representative samples, 
and have successfully used the objective measurements 
for checking routine production and also as a rejection 
test. We have had these objective meters in use on 
gramophone motors for some time, and they have proved 
extremely useful in this connection. 

There is a statement in the paper to the effect that if 
measurements are not taken under free-space conditions 
then an objective meter fails, because of the directional 
properties of the microphone. We can get over this 
difficulty nowadays by using non-directional micro¬ 
phones; we have recently built up a meter using this 
type of microphone, and we have found that the differ- 
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ences between the two methods are smaller than with the 
old condenser type of microphone. 

Another point which is in favour of the subjective 
method is that when we are taking readings with an 
objective meter the background noise must be at least 
10 db. below the noise from the machine; otherwise our 
readings will be very seriously affected. With the sub¬ 
jective measurement it is possible to get rid of the back¬ 
ground noise, even if it is of the same order as the noise 
from the machine, because the ear possesses the dis¬ 
criminating property of being able to pick out the noise 
which ,it is required to measure. I have often measured 
noises in these circumstances, which are unavoidable 
when doing the work in a factory. I should like the 
opinion of the authors as to the amount of errors which is 
likely to be introduced in such cases. 

Prof. R. A. Fisher: With respect to Fig. 3, the 
frequency with which the subjects say that the com¬ 
parison noise is louder than the noise to be tested is 
an increasing sigmoid curve, which will generally be 
well represented by the integral of a normal curve 
of error. If we invert the half of this integral curve, 
for which the judgments " louder ” exceeds 50 %, we 
arrive at a pointed-top curve which is not unlike a fre¬ 
quency curve and is treated as such in Fig. 3; it is not 
properly to be regarded as a frequency curve, although 
it is derived from the normal curve of frequency of errors. 
I think that the slight curvature shown at the top of 
Fig. 3 is really only due to chance irregularities of a series 
of measurements. 

With respect to the precision of any measurement or 
system of measurements, there are, of course, two com¬ 
ponents . One is the precision with which the individual’s 
own assessment has been arrived at by, let us say, 20 
answers " Yes ” or " No ” scattered over this range, and 
the other is the extent to which the different subjects 
agree in their assessments. Even if all the subjects 
were exactly alike, and if the assessment of each was not 
exactly determined by experimentation—of course, 
with 20 or 30 answers one cannot get an exact estimate— 
still the values arrived at would be scattered in a normal 
curve of frequency of error. That the methods described 
in the paper do not afford an adequate basis for finding 
the precision with which any individual judgment has 
been ascertained is unimportant, because what we need 
to knoW'—'namely, the overall error due both to indi¬ 
vidual differences and to errors of measurement—is given 
by the scatter of the results obtained from the different 
individuals. I suggest, therefore, that one need not con¬ 
cern oneself with an elaboration of the scoring system, 
such as is shown in Table 2, but that one merely needs 
one estimate ascribable to each individual, which can 
be arrived at by a variety of quite simple methods. It 
would seem to be quite sufficient to obtain for each sub¬ 
ject that phon value for which the judgment " Quieter ” 
is given for higher intensities as often as the judgment 
" Louder ” is given for lower intensities. This would be 
justifiable on the assumption that the frequency of appli¬ 
cation of the stimuli is constant over the central range 
in which the individual shows any doubt as to whether 
the value is louder or quieter. 

On page 63 there is a formula due to Yule which at 
first sight appears to be nonsense, because if n = 1 the 


magnitude of the probable error is apparently infinite; 
nevertheless, some single observers whose results are 
recorded in the tables which follow have given un¬ 
commonly good estimates of the phon values. I assume 
that the explanation is that Yule used a convention in 
regard to the estimated value of S, that his S value was 
arrived at from the sum of the squares of the deviation 
from a mean divided by n. Fle knew very well that he 
ought to have divided it at that stage by (n — 1), and so 
he made that correction in the derivation of the estimated 
error. 

Dr. E. Billig: There is a good deal of confusion, even 
in engineering circles, about some fundamental terms 
used in acoustics, especially “ intensity,” " equivalent 
loudness,” and "loudness.” It is rather unfortunate 
that we have not discriminated more clearly between 
these last two terms, which have nothing to do with 
each other. The one gives the intensity of an equally 
loud standard tone, while the other refers to personal 
impression only. 

The introduction of the logarithmic system (decibel 
and phon system) was based upon the validity of 
Fechner’s general law, namely that psychological sensa¬ 
tion is proportional to logarithm of stimulus. It has 
since been found that this law does not hold for acoustic 
sensations. For instance, a pure tone of 80 db. does not 
cause double the loudness impression given by the same 
pure tone of 40 db, intensity. Actually, it has been 
found by some investigators that an addition of about 
9 db.' gives double loudness. If this is so, then there is 
no reason to maintain the logarithmic scale, and a simple 
power law relating to sound pressure and loudness can be 
put forward. 

The situation at present is that, whereas the “ in¬ 
tensity ” of a noise as defined in the standard specifica¬ 
tions has a definite physical meaning inasmuch as it 
describes the quantity of sound pressure or sound energy, 
the term " equivalent loudness ” has no direct physical 
or psychological meaning. This situation becomes 
obvious if we examine the difficulties the authors found 
when trying to comply with the present standard defini¬ 
tion of equivalent loudness, in making measurements of 
noises encountered in practice; that is, of noises which are 
composed of a mixture of pure tones of different jEre- 
quencies and intensities. 

There are several possible reasons for these difficulties. 
Although the ear itself is characterized by physical 
dimensions and quantities, the process of hearing com¬ 
prises, apart from such physiological processes as nerve 
conduction and reaction of the brain, some purely psycho¬ 
logical factors which hitherto it has not been possible to 
simulate by an inanimate piece of apparatus. There is 
the well-known fact of subjective tones: if one sounds 
on a piano all the harmonics of a deep fundamental tone 
without actually playing the fundamental itself, many 
people, especially musicians, will feel quite certain that 
the fundamental tone has been played. I take it that 
these subjective tones play a big part when one is judging 
composite noises. These factors, being purely psy¬ 
chological, will depend largely on the individual observer. 
It should therefore be rather difficult to compare a com¬ 
plicated noise with a pure tone and decide which is the 
louder. 
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It is therefore no wonder that, until now, no instrument 
has been designed which would give accurate equivalent¬ 
loudness figures under all conditions. I attribute this 
not to a lack of suitable instruments but to the nature of 
the rather arbitrary quantity known as equivalent 
loudness. 

For the use of the practical engineer, who has to deal 
mainly with noise reduction or with the measurement of 
'transient traffic noises, there can be- no doubt that a 
suitably weighted objective meter is the only feasible 
type, even if it gives comparative results only. 

Mr. A. C, Hutchinson: This paper establishes two 
important points in regard to the present state of the 


each group being so great that no confidence could be 
placed in the averages of a smaller number of readings. 
It appears from this evidence that, except in the labor¬ 
atory, the accurate subjective measurement of noise is 
still impracticable. 

In order to keep the question of noise measurement in 
perspective, I would invite consideration of Fig. A, which 
gives an example of a commercial as opposed to a 
laboratory noise measurement. The measurements here 
shown were undertaken to give some idea of how the 
noise of a turbine gear varies with its running speed. 
The results are, I think, typical of what an observer of 
average intelligence, working by himself and under com- 



Fig. A.—Noise/speed relation of 50-kW turbine gear at full tooth load (475 lb.). Measurements taken at 6 ft, 
from wheel side of gear case by aural-balance technique, using 800-cycle reference tone. The dotted line 
shows curve which would result if loudness were proportional to cube root of running speed. 


art of noise measurement: firstly, that there is no objec¬ 
tive method of measuring noise which will give absolute 
results; secondly, that even with the best subjective 
method available it is so difficult to obtain accuracy that 
subjective measurement by the ordinary commercial user 
of noise-measuring instruments is almost ruled out nf 
consideration. 

I would draw attention to the tests recorded in 
Table 7, in which 5 skilled observers were required, under 
ideal listening conditions and taking a total of 20 measure¬ 
ments, to get a result correct to about 0 • 5 phon or 4 per 
cent in loudness, the dispersion of individual readings in 


mercial conditions can achieve with a subjective meter. 
There is an enormous spread in the readings, but it must 
be remembered that this spread is exaggerated because 
the readings are expressed not in phons but in the 
" loudness numbers ” of Churcher, King, and Davies. In 
this connection, I wish to record my opinion that this 
scale of loudness is a most outstanding contribution 
towards the practical interpretation of noise measure¬ 
ments. 

It is a little disappointing to those dealing with 
practical noise problems that the authors' work should 
be concerned so largely with the abstract side and should 
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contain such a relatively small contribution towards the 
pressing need for the development of a reliable objective 
meter. 

They make one or two tentative recommendations 
which give a hint as to the lines on which a rational 
objective noise-meter could be constructed. For in¬ 
stance, I gather that it is now considered that the 
loudnesses of the various components of complex 
tones are additive (loudnesses being approximately 
proportional either to the fifth powers of phon values or 
to the fourth roots of intensities), and on page 66 the 
authors make use of this. This conclusion leads to the 
following rather striking deduction: we know that if two 
sounds of exactly equal frequency are sounded together 
the resulting intensity level rises by about 3 phons or, 
say, 20 per cent in loudness. The authors contend that 
if those two sounds are sufficiently different in frequency 
the loudness doubles itself. It would be very interesting, 
I think, to know how much difference in frequency is 
necessary to change this loudness-increase from 20 per 
cent to 100 per cent. 

It is stated by the authors that in regard to the per¬ 
formance of an objective meter the error or correction 
due to a number of tones is greatest for medium levels 
and least for high and low. I suggest that on the data 
presented in the paper there is no justification for saying 
that it is less at low levels. The noises O, B, and I, in 
Fig. 7 represent much the same percentage error in 
loudness as the other noises at medium levels. 

Mr. B. G. Gates : In Table 1 it is mentioned that 
5 men and 5 women were employed in Groups Nos. II and 
III, and I should like to know whether the authors have 
observed any systematic difference between men and 
women observers in that sort of measurement. My own 
impression is that women are more sensitive to high- 
frequency noises than men, i.e. that the right-hand 
portions of the curves in Fig. 4 will be lower for women 
than for men. It is common in my experience to find 
that the tone control on the wireless set is always turned 
to " mellow ” by the lady of the house. 

With regard to the statement on page 68 about the 
change of 0 to 90 phons at 120 cycles per sec. being 
56 db. in the case of telephones and 70 in the case of direct 
measurements, I should like to offer the suggestion that 
the low difference observed in the case of telephones may 
be. due to bone conduction through the head. 

One of the observers dealt with in Table 7 appears to 
give quite consistent measurements, but during the period 
of 7 months he alters his impression by 7 db. I have 
often wondered whether subjective measurements are 
affected to any extent by the state of health of the 
observer. I have made a good many measurements of 
this sort myself, and I have to admit that my dispersion 
of readings is always worse after lunch. Again, in 
Fig. 7 it is noted that above 100 phons—^though the 
authors did not go very far above that level—the errors 
dwindle away almost to nothing. At that level the ear 
response characteristic appears to flatten out, and I 
suggest there may be some connection between these two 
facts. 

I should like to ask whether the authors have any 
information about the use of objective meters in assessing 
the benefits obtained by the soundproofing of buildings. 


The general effect of soundproofing is to change the 
spectrum of the noise and more usually to attenuate the 
higher frequencies, and if an objective meter is used to 
assess the benefit of the application of soundproofing 
there may be errors due to the change in the spectrum. 

Finally, I should like to offer a suggestion which may 
possibly help to improve the accuracy of objective 
meters. I suggest that between the microphone and the 
amplifier a series of simple octave filters should be inter¬ 
posed—I find that about eight will cover the necessary 
spectrum—and readings could be taken simply by 
moving a knob to the eight positions. Before applying 
this plan to the method described on page 66 of com¬ 
bining noises to obtain a figure for the total noise, it is 
necessary to check the validity of the curve used. 

{Communicated) Table 4 gives the equivalent loudness 
values for a large number of complex noises of specified 
composition. I have found it possible to work back¬ 
wards from the results for the simpler noises and deduce 
a curve of loudness numbers such that the loudness 
number for a complex noise is the sum of the loudness 
numbers for the individual components. This curve is 
given in Fig. B, and it differs widely from the author’s 
5th-power law. In Table A I have applied this curve to 
the first 17 noises given in Table 4 of the paper; the 
results show remarkable agreement, in most cases to 
within 2 phons, and in no case does the divergence exceed 
3 phons. These differences are of the same order as the 
errors of measurement of the component and total 
equivalent loudness. 


Table A 


Noise 

B.S. Phons 

Value calculated 
from Fig. A. 

A 

61 

59 

B 

37-5 

39 

C 

59 

59 

D 

80 

78 

E 

91 (av.) 

91 

F 

79 

81 

G 

62-5 

63 

H 

53 

53 

I 

26 

26 

J 

79-5 

80 

K 

52 

53 

I. 

76 

73 

M 

63 

53 

N 

96 

98 

O 

46 

46 

P 

88 

86 

Q 

103 

101 


This result, combined with my suggestion for the use 
of octave band-pass filters, definitely opens up the possi¬ 
bility of an accurate objective noise-meter employing a 
suitable number of filter pass-bands, say 8, and using 
Fig. B to combine the results and obtain the total 
equivalent loudness. Errors will occur where several 
components lie within the same octave, but they will be 



86 


CHURCHER AND KING: THE PERFORMANCE OF 


much less than those obtained with ordinary objective 
meters. 

Mr. D. McMillan: In reading the paper I have been 
struck by the authors’ comments on practical noise 
measurement in the engineering field. They obviously 
do not favour the adoption at the present time of an 
arbitrary standard objective meter, mainly because such 
a meter will not measure equivalent loudness. I must 
confess that I have not been convinced by their reasoning 
in this respect. In this connection there are points on 
which I should like the opinion of the authors. 

One arises from their statement “ The performance of 
the ideal noise meter would be independent of the t 3 q)e 
and level of noise over a wide range, in the same way 
that a satisfactory a.c. voltmeter indicates correctly over 
a wide range of frequency and waveform.” Such a 


that an objective meter must necessarily be a true 
equivalent-loudness meter before consideration can be 
given to its adoption for general use. I feel that, while 
fundamental research of the type described in the paper 
is proceeding, the use of an agreed standard objective 
noise-meter, which would indeed be arbitrary but which 
would not be a loudness meter, might help to facilitate 
comparison of the results of measurements made at 
different times and places. 

Mr. E. Tobin: Some two or three years ago the 
question of noise in transformers seemed to become im¬ 
portant, and an objective instrument seemed to be the 
■most suitable type for measuring such noises. In a 
factory the background noise was often fairly high, 
approaching the level of the transformer noise itself, 
and we felt we were fairly safe in calculating the equiva- 


Loudness units 60 80 100 



“ satisfactory ” a.c. voltmeter, if applied to a telephone 
circuit, will not give a reliable indication of the potential 
difference existing across that circuit due to the passage 
of speech currents. This has been such a dif&culty in the 
past that telephone engineers have had to express this 
particular potential-difference in terms of the reading of 
an arbitrary specified voltmeter, although such readings 
cannot be referred back to the standard unit of potential. 
The authors object to the use of available objective 
meters because such meters are not generally equivalent¬ 
loudness meters. Noise is defined as unwanted soxmd; 
when we measure equivalent loudness we observe the 
sound very carefully by listening to it and by comparing 
it with another sound, or operating such methods of 
observation as lead us to determine when that sound is 
of equal loudness to a standard reference sound. Such 
deliberate observation of the sound which is a noise seems 
to me probably to involve different psychological reac¬ 
tions from those which obtain when the noise is acting 
wholly in its true sense of unwanted sound and prevent¬ 
ing the observer from hearing clearly a wanted sound. I 
therefore find some difficulty in agreeing to the contention 


lent energies, subtracting the energy of the background, 
and taking the result as the transformer-noise value. 
The present paper shows this method to be unsound. 

On page 65 the authors refer to the theory that the 
loudness values of the several components of a noise are 
additive, and they give an example of a harmonic of 
80 phons being added to a fundamental of 80 phons and 
giving a total equivalent loudness of 91 phons. I should 
like to ask whether this result was found by experiment 
and whether it is independent of the order of the har¬ 
monic. They also say that they conclude it is necessary 
to keep the largest harmonic 30 or, if possible, 40 phons 
below the fundamental. Can they give us any recom¬ 
mendation as to the maximum background level when 
measuring complex sound ? In ordinary conditions it 
may not be possible to get background levels 30 or 
40 phons lower than the sound which it is desired to 
measure. Where sound-recording apparatus is available 
it might be worth while to take the sound record Of 
machinery under various excitation and load conditions, 
so as to have a permanent record for reference after the 
machine has left the factory. This record would also be 
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useful for calibrating purposes, and for comparison with 
later machines. 

In the case referred to in Fig. 2a the source of sound 
is apparently behind the noise-producing instrument. 
We have come across a similar case when carrying out 
tests on an oil-cooler with an objective instrument. The 
oil-cooler was about 6 ft. cube, and, taking measurements 
round the cooler at equal distances, we found that the 
intensity was the same at corresponding distances in any 
direction; the curve was approximately a hyperbola, and 
indicated that the source of sound was at about the 
centre of the cube; in other words, it was inside the 
article we were measuring and not on the surface of it. 

Mr. H. Davies [communicated ): The authors have pro¬ 
vided considerable evidence to show that the conven¬ 
tional objective noise-meter does not, in fact, do what it 
purports to do, i.e. nieasure the equivalent loudness of a 
complex noise. It is easy to calculate from the data in 
Table 4 what a perfect meter having an r.m.s. summation 
would read. The results are given in the first column of 
Table B, and they show that the readings of such a meter 
are liable to be seriously in error. 

But to say that a frequency-corrected amplifier with an 
r.m.s. meter does not give the correct answer is not to say 
that an adequate objective meter is impossible. It may 
be mainly that the r.m.s. summation is incorrect. Now 
there is already good reason to suppose from what is 
known about the ear that to a first approximation the 
summation required is one of loudness, not of energy. 
The authors point out that the loudness of noises A, B, 
C, and D, of Table 4 is concordant with this view, but it 
is interesting to note that the concordance goes much 
farther than this. It would be expected on general 
grounds that such a law would be correct at low in¬ 
tensities but would give results progressively too high as 
higher intensities are approached and the mutual masking 
of the components becomes more important. 

If we apply this law of loudness summation to the data 
of Table 4 we find that this is exactly what happens. Up 
to an equivalent loudness of 80 phons the summed- 
loudness rule gives astonishingly accurate results, but 
above this level it gives figures definitely too high. 
Table B shows the loudnesses of the noises of Table 4 calcu¬ 
lated on a sumnied-loudness basis. Column 2 is based 
on the loudness-intensity relation given in the authors’ 
reference on page 65. This was determined by direct 
experiment, and in this particular case gives better 
results than a simple power law. In fact below an E.L. 
of 80 phons it is only once in error by more than 1|- db. 
For comparison, columns 3 and 4 give the loudness calcu¬ 
lated on the basis that loudness is proportional to the 
4th and to the 6th power of the phons respectively. 
Although these do not give quite such good agreement, 
yet they do show an improvement over the conventional 
power summation. Noises N, P, and Q, have not been 
included in the table as they are at high level where the 
summed-loudness rule is inapplicable. 

These figures give rather remarkable confirmation of 
the validity of the summation of loudness at low and 
medium intensities, but further data are required to 
determine the summation at higher levels. This will 
doubtless be a more complex matter, probably depending 
to some extent upon the character of the noise, How¬ 


ever, the success of loudness summation at the lower 
levels suggests that an objective meter with such an 
amplitude characteristic would be a considerable advance 
on the conventional summed-power meter. The authors 
have performed an extremely valuable service in estab¬ 
lishing a practical noise-measurement technique in con¬ 
formity with the B. S. I. primary standard. This method, 
however, is somewhat of the nature of a sub-standard, 
and the next urgent need is for an adequate objective 
noise-meter. 

Table B 

Equivalent Loudness (phons) of noises in Table 4, 

CALCULATED ON THE BASIS OF “ SUMMED ENERGY ” 

(CoL. 1) AND “ Summed Loudness ” (Cols. 2, 3, 

AND 4) 


Noise 

Equivalent loudness 

Measured 

1 

Calculated 

Summed 

energy 

i 

Summed loudness 

(1) 

(S) 

(3) 

(4) 

A 

! 

61 

63 

60 

59 

58 

B 

37-6 

33 

38 

36 

36 

e 

69 

53 

60 

69 

68 

D 

80 

73 

81 

83 

81 

E 

91 

88 

— 

125 

114 

F 

79 

69 

91-6 

96 

87 

G 

62-5 

48 

64 

62-6 

57 

H 

63 

38 

61‘6 

47 

43 

I 

26 

18 

25 

16 

14 

J 

79-5 

68 

90 

94 

86 

K 

52 

38 

61-6 

47 

43 

L 

75 

58 

76 

78 

71-6 

M 

53 

38 

51-6 

47 

43 

0 

46 

30 

42 

35 

32 


Messrs. B. G. Churcher and A. J. King [in reply ): 
As the development of a technical subject proceeds, it is 
important to review from time to time the presuppositions 
on which it is based. Mr. West reviews the arguments 
which have been adduced in support of alternative bases 
of noise measurement. It is well to realize that the term 
" noise measurement ” has been used with insufi&cient 
discrimination in relation to really quite separate sub¬ 
jects. Not long ago the assessment of electrical inter¬ 
ference in telephone circuits, which manifests itself as 
noise when a receiver is connected, was referred to as 
noise measurement. At the present time the term is 
often associated with the assessment of acoustic inter¬ 
ference with telephone conversation or sound repro¬ 
duction. Here the intelligibility of a desired sound 
(speech or music) in the presence of a noise is the essential 
consideration, and it may well be that in this special 
subject masking is a more relevant criterion than the 
relative loudness of the two sounds measured separately. 
With the subject of acoustic interference, which is the 
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field of the telephone or sound-reproduction specialist, the 
present paper makes no attempt to deal. 

The more general subject of noise measurement, to 
which the paper relates, arises most frequently because 
the noise is in itself undesirable. It is true that in some 
cases the noise level at the listener’s location may be 
high enough to interfere with conversation, but in the 
majority of cases the object in noise abatement is the 
ensuring of a reasonable standard of comfort, which 
corresponds to a level considerably below that which 
produces interference with ordinary conversation. Few 
people would tolerate in a dwelling-house, especially at 
night, a noise level just insufficient to interfere with tele¬ 
phone conversation. Hence, in noise abatement, mask¬ 
ing is not generally the relevant criterion. Space does 
not permit of examples being discussed but, reviewing 
over a wide field of noise abatement a number of typical 
problems, many of which have come within our direct 
experience, it can be said that an essential quantity is 
the initial noise level, into which masking does not 
enter. This level, together with the level desired, 
enables the necessary attenuation to be ascertained. 
Where masldng effects do enter into noise-abatement 
problems, they usually arise from the masking of the 
residual noise from the source under consideration by 
extraneous or background noise. In these circumstances 
masking is helpful if the aim is to diminish the ob¬ 
trusiveness of the source and not to deal with all noise 
present, but in most practical cases background noise is 
low, variable, and uncertain, and advantage can only be 
taken of a minimum value. While more data on the 
masking of one type of sound by another are desirable, 
an approximate allowance for such masking as occurs 
may usually be made. 

For the assessment of the intrinsic undesirability of a 
noise heard alone, we are far from suggesting that loud¬ 
ness is the only or final criterion. There is considerable 
support for the view that loudness is a most, if not the 
most, important criterion of undesirability. It is based 
expressly on the judgment of the “ normal observer.” 
Experience indicates that if persons are allowed to form 
their judgments naturally, without distracting or biasing 
influences, the group assessment of that which is under¬ 
stood by the word ” loudness ” is very definite. This 
may be seen from tests made with different groups of 
persons, given in Tables 3 and 4. That noise has other 
attributes besides those of pitch, timbre, and loudness, 
has often been suggested. Whether such an attribute 
as “ annoyance ” can be defined and assessed and, if so, 
what relation it bears to loudness, are certainly matters 
which require examination. In the meantime loudness 
affords, in our opinion, the most relevant basis available 
for noise abatement, and the B.S. Phon is essential as a 
standard. The loudness basis is certainly successful in 
dealing with practical problems of noise abatement. 
For acoustic interference problems a separate masldng 
standard may be expedient. It would be better to 
provide such a standard than to attempt to compromise 
on a single basis for dealing with two really distinct 
questions. The separate consideration of these questions 
would do much, we think, to avoid the wide divergence 
of opinion to which Mr. West refers. 

It is suggested that the paper may convey the impres¬ 


sion that noise measurement is much easier than it really 
is, on account of the paper being confined to sustained 
noises. There are limits to what can be covered in one 
paper, and it is mentioned that no attempt is made to 
deal with unsteady sounds. We very much doubt 
whether the suggestion that the majority of noises 
fluctuate in an irregular and often violent manner is 
true if a sufficiently broad view of the whole field be 
taken. It is true that such sounds as unwanted con¬ 
versation and music (which are of great importance in 
relation to acoustic interference), footfalls, the ticking of 
clocks, and the intermittent sounding of motor-horns, 
may not without adaptation be susceptible to measure¬ 
ment by the methods discussed in the paper. On the 
other hand, sustained noises which have to be assessed 
in practice arise from such sources as electric generators, 
motors, transformers, electricity meters, electric fans, 
rotary pumps, suction cleaners, electric radiators, aero¬ 
planes, steadily running motor-cars and trains, and 
general machinery in which gearing is embodied. Among 
pulsating noises which can also be dealt with by the 
methods described are those from gas and oil engines, air 
compressors, pneumatic hammers, motor-cycles, and 
slowly running cars. In any case, the groundwork of 
noise measurement consists of the study of sustained 
sounds, which is a necessary preliminary to dealing with 
intermittent or fluctuating noises. 

In his contribution Mr. West hardly refers to the 
principal subject of the paper, namely the feasibility of 
a subjective standard for loudness. To those not closely 
acquainted with noise measurement, his remarks may 
create the impression that all bases of measurement are 
equally arbitrary and that the choice of a standard should 
rest purely on convenience in use. Whatever may be the 
case in respect of the subject of telephone acoustic inter¬ 
ference, this impression is not well founded in the case 
of the more general subject of noise abatement. 

In reply to Mr. Mason’s comments on the number of 
observers needed for consistent results in subjective 
measurements, the basic technique described in Section 
(3) is the best in this respect, but it is, of course, intended 
as a primary laboratory standard only, for use in the 
calibration of portable meters and other fundamental 
measurements. Of the portable secondary subjective 
meters, the paper shows that the 2-telephone meter is 
more consistent than the 1-telephone type, for reasons 
which are suggested. We fully agree that subjective 
methods have serious disadvantages for some practical 
measurements and that the objective type of meter is 
desirable for most purposes. The distinction between 
loudness and equivalent loudness is mentioned on 
page 57 of the paper. References to papers dealing 
with the relation between the two are given. As the 
relation may be expressed by a smooth curve, it is not 
correct to say that there is no simple relation. This 
relation has, of course, nothing to do with the discrepancies 
of objective meter readings with different types of noise, 
and the selection of the calibration curve for a particular 
type of noise would not be of much help in this direction. 
To be effective, a standard must constitute the sole 
standard. The use of the word " phon ” for another 
quantity would be most undesirable. Mr. Mason some¬ 
what exaggerates the point we make regarding the 
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directional properties of the microphones of objective 
meters. The use of non-directional microphones would 
be entirely appropriate if persons were provided with 
non-directional heads. We agree that the possibility of 
errors due to background noise is brought more immedi¬ 
ately to the notice of the observer with subjective than 
with objective meters. It is desirable that background 
noise should be at least 16 phons below the noise under 
measurement. Whenever it is at all possible, we make 
a practice of choosing a time when this condition obtains 
in such cases as factory or outdoor measurements. 
Caution should be exercised in attempting to eliminate 
background noise effects by mentally segregating the two 
noises. 

We are much indebted to Dr. Fisher for his comments 
on the statistical methods we have used for the basic 
measurements, a subject on which he speaks with the 
authority of wide experience. As indicated in the paper, 
the existence of two components of dispersion, which we 
refer to as the casual and systematic divergencies, have 
made us doubt whether the methods we have used in 
estimating the probable error are entirely satisfactory. 
However, we are glad that Dr. Fisher confirms that 
elaborate methods are not needed with the number of 
observers which is sufficient to yield the precision 
desired. We appreciate his suggestions towards simpli¬ 
fied statistical procedure and have already adopted them 
for later work. We are obliged to him for pointing out 
the mistake in Yule’s book. It is fortunate that it leads 
to no error in practice. 

Dr. Billig refers to terminological confusion, and in 
this connection we would again take the opportunity of 
commending to the notice of those who have occasion to 
deal with acoustics, the British Glossary of Acoustical 
Terms and Definitions, B.S.S.661’—1936. We agree that 
discrimination between equivalent loudness and loudness 
is long overdue, but we can hardly agree that the two 
terms have nothing to do with each other. References 
to papers discussing the relation between them are given 
on page 57 of the present paper. It is true that E.L. is 
stated in terms of the physical intensity of a standard 
tone, but the equality of the loudness sensation the tone 
evokes with that evoked by another sound is essentially 
a matter of personal impression. We agree that the most 
fundamental scale for reference tone magnitudes is a 
simple pressure scale,’ but, although it is now generally 
appreciated that the Weber-Fechner law does not apply 
to loudness, a logarithmic scale is to be commended for 
ordinary purposes as being mathematically and instru- 
mentally convenient. As to the difficulty of comparing 
a noise with a pure tone, the paper shows that if the 
normal mode of listening can be chosen, as in basic 
laboratory measurements, the comparison itself is much 
easier than is generally supposed. It should be realized 
that impressions of the inconsistencies of subjective 
measurements have been derived almost wholly from the 
use of portable meters, involving telephones, monaural 
listening, the adjustment of dials, unsteady sounds, 
extraneous noise, and other abnormal or distracting 
factors. The real difficulty arises when we attempt to 
construct an objective meter to perform, in efEect, the 
comparison. We fully agree that the use of objective 
meters is essential for many practical purposes, but not 


that what we have referred to as the conventional 
objective meter is the only feasible type. 

In reply to Mr. Hutchinson’s remarks regarding 
Table 7, we would point out that the mean value for 
any one of the four tests, involving 6 readings only, was 
sufficient to obtain a value to within 1 phon of the basic 
value of 62-5 phons. It was not to be expected from 
the title of the paper that we had dealt fully with the 
design of an adequate objective noise meter. While 
agreeing as to the pressing need for such a matter, it is 
first necessary to explore the basis on which the per¬ 
formance of such meters is to be appraised, and this has 
been the main object of the paper. 

Our statement regarding Fig. 7, viz. that the error of 
the objective meter decreases at high and low intensities, 
is on a basis of equivalent loudness and not on a per¬ 
centage basis. 

Mr. Gates raises the question of the relative aural 
sensitivities of men and women. It would be inad¬ 
visable to attempt any generalization from so few tests, 
but we have not found any marked difference in their 
capacities to judge equality of loudness or in their equal¬ 
loudness judgments. The effect of fatigue in increasing 
the dispersion of psychophysical measurements is well 
known. General information on the effect of sound¬ 
proofing measures is best obtained by tests with single 
pure tones, in which case an objective meter of known 
response to pure tones is very useful. 

Mr. Gates’s suggestion to use a series of octave filters 
has already been tried in Germany* but, as he says, 
errors arise due to two or more components occurring in 
an octave. However, his summation curve. Fig. B, 
derived from our Table 4, is very interesting as the 
agreement between the calculated and measured values 
shown in Table A is as close as can be expected. The 
range of noises covered is considerable, from 103 down 
to 26 phons, and we have also tried it with other noises 
of known composition. The relation therefore has some 
claims to general validity, but it fails in some cases, 
like the one quoted by Mr. Hutchinson, because it 
takes no account of frequency separation. We are not 
surprised that Mr. Gates’s Fig. B differs considerably 
from the 5th-power loudness curve in Fig. 3 (Ref. 2), 
since they refer to different conditions. The 6th-power 
law refer to the loudness of sounds heard one at a 
time, while Fig. B applies to sounds of the same order 
of loudness heard simultaneously. 

In reply to Mr. McMillan, the desirability of an 
objective meter, the performance of which, referred to 
the phon standard, is independent of the type and level of 
noise over a wide range, is so obvious that we are surprised 
it should be questioned: Our analogy of an a.c. voltmeter 
seems to us an apt one, but regarding both instruments 
we say they should read correctly " over a wide range,” 
not in every conceivable case. Mr. McMillan’s difficulty 
arises when it is desired to obtain a measure of the aural 
importance of the constituent voltages, but this is not 
measuring voltage. 

His question about the relevance of the-E.L. of a noise 
to its undesirability is dealt with in the reply to Mr. 

* H. G. Thii.o and U. Steudel: Wissenschaft Veroffenilichungen auf dem 
Siemens-Konz&'n,'l^%6, No. 14, p. 78. 

E, Frevstedt; Zfitschri/t fdr Technische Physik, 1935, vol. 10, p. 53.1, 
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West. We agree regarding the usefulness of the ob¬ 
jective meter, providing it is calibrated in subjective 
terms. The desire for an instrument reading should not 
make one forget that the ear is the final arbiter and that 
a meter which conflicts with it can be misleading instead 
of helpful. 

Mr. Tobin’s question about the permissible background 
noise during a noise measurement is dealt with in the 


reply to Mr. Mason. We state on page 62 that the 
virtual source is approximately 2 m. behind the opening 
of the horn loud-speaker. 

The summed energy figures given by Mr. Davies in 
Column 1 of Table B are given in the third column of our 
Table 10, along with the observed values in some cases 
and errors in subsequent columns. The summed loud¬ 
ness figures which he gives are of considerable interest. 



SINGLE-PHASE ELECTRIFICATION ON THE PENNSYLVANIA 

RAILROAD* 

By H. C. GRIFFITH. 

(Paper received 2nd November, 1936.) 


SUMMARY 

This paper describes the steps leading up to the present 
electrification of the Pennsylvania Railroad, the system used, 
the extent, and the operating results. The 4-track main 
line is now electrified between New York, Philadelphia, 
Wilmington, Baltimore, and Washington, as are also the 
commutation lines around Philadelphia and New York. 

Since this paper was prepared, work has started on the 
extension of the electrification to'include the connecting lines 
for both passenger and freight service west to Harrisburg, 
Pennsylvania. The chief parts of lines in the new electrifica¬ 
tion are the main line from Paoli, just west of Plhladelphia, 
through Lancaster to Harrisburg; the low-grade freight line 
from Morrisville, Pennsylvania, near Trenton, New Jersey, 
via Columbia to Enola Yards, near Harrisburg; the freight 
line from Columbia following the Susquehanna River to 
Perrywille, Maryland; the freight line from Monmouth 
Junction to South Amboy, New Jersey, with necessary yards, 
connecting branches, and equipment. 

The new work will involve the electrification of 315 miles 
of line and 773 miles of track. Upon its completion the 
Pennsylvania Railroad system will have 41 per cent of the 
total electrically-operated standard railroad track in the 
entire United States. 


INTRODUCTION 

The introduction of the single-phase 11 000-volt 
overhead catenary system of electric traction on the 
Pennsylvania Railroad took place in 1915, when the 
first step, from Philadelphia to Paoli, of the suburban 
electrification around Philadelphia was placed in service. 
Prior to that installation the third-rail 650-volt direct- 
current system had been used on three previous electri¬ 
fication projects on the Railroad and its associated lines. 

EARLY STEPS IN ELECTRIFICATION 

The first of these third-rail installations was the 
suburban electrification in 1906 of the Long Island 
Railroad from its Brooklyn terminal to the residential 
sections of Long Island. The initial installation com¬ 
prised 44 route miles and 110 miles of track. The 
reasons behind the use of electric power on the Long 
Island line were the growth of traffic, making old 
facilities inadequate; and legislative action, limiting the 
use of steam locomotives. 

In 1906 a similar system of electrification was carried 
out on the 'West Jersey and Seashore Railroad on its line 
through southern New Jersey from Camden to Atlantic 
City. The object of changing this line to electric power 


was to try out the traffic-building ability and the economy 
of operation of electric traction over a line with both 
express and local passenger business. 

In 1871 the Pennsylvania Railroad secured an entrance 
to the New York district by lease of the United New 
Jersey Railroad and Canal Co.’s line which terminated 
in Jersey City and connected to New York by ferry. 
The management from the beginning endeavoured to 
find a better way of delivering passengers to New York. 
Both bridges and tunnels were projected. The ad¬ 
vantages of a tunnel were apparent, but until the advent 
of electric traction a tunnel was not feasible because of 
the length underground and the unavoidable grades. 

When the Pennsylvania Railroad obtained control of 
the Long Island Railroad in 1900, each of the two 
companies had been working on plans for new terminal 
development. These plans finally resulted in a joint 
terminal at 32nd Street and Seventh Avenue, New York. 
Plans for the New York tunnels were pushed forward 
after it had been determined that electrification was 
feasible; the necessary legislation was passed in 1902, 
and construction was commenced in 1903. 

The management decided to make the section of the 
tunnels such that either the low-voltage third-rail or the 
high-voltage catenary system could be installed, holding 
back the choice of the system until the time came to 
start the electrical work. In the meantime a test track 
was equipped with 11 000 volts on the catenary and an 
a.c. locomotive was built. Extensive tests were con¬ 
ducted with experimental sections of tube simulating 
the tunnels. As a result of the tests.and in view of the 
successful operation of the electrification on the Long 
Island Railroad, it was decided to continue the use of the 
third-rail system with direct current at low voltage for 
the terminal developments. In 1909 experimental d.c. 
locomotives were constructed to perfect the t 3 rpe to be 
used, and in 1910 the momentous terminal development 
was opened to the public. 

The tracks east from the station in New York are used 
by both Pennsylvania and Long Island trains and extend 
through four tubes under the East River to Long Island. 
The majority of the Pennsylvania trains continue through 
these tunnels and either terminate in the large coachyard 
on Long Island or continue on over the tiell Gate Bridge, 
completed in 1917, back to the mainland to connect with 
the New York, New Haven and Hartford Railroad to 
New England. The Pennsylvania trains from the south 
and west leave the old main line to Jersey City at a 
point where a new station was established with the name 
of Manhattan Transfer. Here the steam locomotives 
were changed for electric locomotives. The trains then 
sweep across the Hackensack Meadows on a two-track 

[91] 
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I’iS^t-of-way to the Bergen Hills, where they enter the 
tunnels. The two parallel tunnels pass under Wee- 
hawken and then below the Hudson River and into the 
station in New York. 

The Long Island Railroad extended its d.c. electrifica¬ 
tion several times and now has 130 miles of route and 
350 miles of track, electrified with the d.c. third-rail 
system for subui'ban service. The Pennsylvania Rail¬ 
road did not extend its d.c. electrification, although 
excellent service had been obtained with it during the 
22 years for which it was operated. 

INTRODUCTION OF SINGLE-PHASE SYSTEM 
system had shown such promise when tested 
in 1908 that it was determined that the system should 
be tried out further in actual service to determine its 
suitability. Accordingly, when it became necessar}'- in 
order to relieve congestion to electrify the suburban 
service of the Philadelphia terminal area, the single-phase 
system was utilized. The principal station, known as 
Broad Street Station, was a stub-end terminal handling 
heavy main-line and commuter traffic. By the use of 
multiple-unit cars the number of train movements in 
the station area could be greatly reduced, with a corre¬ 
sponding increase in the capacity of the existing station 
facilities. The first electrification of the suburban lines 
out of Philadelphia was completed in 1915, using the 
single-phase 25-cycle 11 000-volt system, and extended 
on the mam line to the west as far as Paoli for a distance 
of 20 miles. Following this, the line to Germantown 
and Chestnut Hill was electrified in 1918, the branch to 
Whitemarsh in 1924, south on the main line to Wilming¬ 
ton and the branch to West Chester in 1928, and east on 
the main line to New York as far as Trenton and the 
branch to_ Norristown in 1930. This completed the 
electrification of the suburban service in the Philadelphia 
area. Coincident with the inauguration of electric service 
on the last lines in 1930, new suburban passenger stations 
were, opened at West Philadelphia and Broad Street, 
the latter is an underground station located and designed 
m an adx^antageous manner such as would not have been 
possible except with electrification. 

THROUGH electrification 
As far back as 1913 the Pennsylvania Railroad had 
made studies of the problem of electrifying various 
sections of the railroad for through-traffic movement. In 
1927 a report was presented to the management which 
developed the cost of, the savings due to, and the 
increased capa^city resulting from, electrifying the line 
be^een New York, Philadelphia, Baltimore, and Wash- 
m^on along the eastern seaboard, and west of Phila- 
important branches to the Susquehanna 
1 \ • j f mport indicated that adequate savings could 

be reahzed from the electrification of this integrated area 
mth correspondmg simplification of the general operation 

of a nrol announcement 

of a programme of electrification to include the territory 

begmnmg at the Hell Gate Bridge, New York, where 

connection is made with New England, and extending 

rrthrmar'‘r^ PMladelphif 

on the mam line in the direction of Harrisburg as fi as 

Atglen, Pa., and the low-grade freight lines which join at 


Columbia, Pa., and connect the cities of New York, 
PhiHdelphia. and Wilmington with the West. The 
project was to be undertaken progressively in sections and 
to extend over a period of several 3 ^ears. 

The immediate factors which influenced the decision 
to proceed with electrification at that time were: (1) The 
greater economy of electric traction as compared with 
steam operation in dense traffic territories. (2) The 
growth of the southern passenger business. (3) The in¬ 
creasing density of both freight and passenger business 
on the eastern section, and the probability that in the 
future more rapid movement would be required. (4) The 
desirability of utilizing the advantages of electric traction 
in the construction of new passenger stations at Phila¬ 
delphia and Newark. (6) The desirability of building 
locomotives which would meet the requirements of the 
territory for the future as regards train weight, speed, 
and reliability. (6) The probability that the project 
could be completed at a less expenditure than if started 
at a later date. 

In October, 1929, negotiations extending over several 
years were concluded between the Railroad and the City 
of Baltimore for the improvement of the main line through 
that cRy. The Railroad immediately announced the 
expansion of its electrification, by that time under way, 
to include the line from Wilmington to Baltimore and 
Washington for passenger service and thence on to 

Potomac Yard near Alexandria, Virginia, for freight 
service. 

_ The suburban electrification around Philadelphia had 
involved three sections of main line which would 
n^aturally become sections of the through electrification. 
The first, the Paoli line toward the west, was constructed 
g'lor to a complete study of the through electrification. 
Here a relatively low transmission voltage of 44 000 volts 
was used._ This installation provided, however, a field 
for experiments with an eye to future installations. 
Many design changes in catenary construction, in sub¬ 
station apparatus, and in motor, car, and locomotive 
equipment, were tried out. In 1928, when the Wilming- 
ton suburban service on the main line to the south was 
electrified, many changes were introduced. The trans¬ 
mission voltage was increased to 132 000 volts with the 
possibility of through electrification in mind. 

suburban electrification out of 
Philadelphia, and also the first definite step after the 
programme of through electrification had been an¬ 
nounced was the electrification of the main line north 
and east out of Philadelphia as far as Trenton for 

wh^ rrr'"^' ^^"^^^OOO-voR transmission system 
hich had been used to Wilnungton was extended to 

Trenton, and the latest designs embodying still further 
improvements were used. iLirmer 

Difficulties of Construction 

As the suburban electrification around Philadelphia 

tion ^of^ constluc- 

^ w ? electrification between New York 

and Washington was started. The first section of the 
project placed under construction was that between 
Sunnyside Yard, Long Island, and Manhattan Transfer 
New Jersey, where the third-rail electrification had been 

in service some 20 years. This portion of route presented 



THE PENNSYLVANIA RAILROAD 


93 


many engineering and constructional dijB&culties and it 
was thought wise to start the work at this most difficult 
point, that ample experience might be secured from its 
operation while construction work on the balance of the 
project progressed. 

In this section of 13 route miles are 86 miles of track 
(of which almost one-quarter is in tunnels or under 
ground), the network of tracks and facilities comprising 
Sunnyside Yard, the busy passenger terminal at Pennsyl¬ 
vania Station, and a traffic density so great as to require 
much of the work to be done at night—in some areas 
for periods of only 6 hours out of the 24. 

In addition to this, many of the tracks were to be used 
by both alternating-current rolling stock and direct- 
current rolling stock, necessitating careful engineering 
study to ensure that the design of alternating-current 
equipment provided properly for the presence of large 
quantities of direct current and that the direct-current 
equipment already installed be properly protected against 
injury because of the presence of alternating current. 
The presence of both alternating and direct current in 
large volume in the track rails, and the passage of direc+ 
current through the transformers on locomotives and cars 
and substations, also required careful check of signal 
circuits and equipment to ensure that the fourth harmonic 
present on the 25-cycle current waves did not combine 
with the currents of the signal system, of a nominal 
frequency of 100 cycles per sec., to produce improper 
signal action. 

Other problems existed. The track in all tunnels had 
been in use for 20 years and the depth of ballast under the 
ties had gradually increased until in many places the 
distance between equipment roof and tunnel roof was 
insufficient to permit the installation of overhead trolley 
construction. This necessitated lowering long stretches 
of track to its original position, a process accompanied 
by considerable difficulty under the heavy traffic con¬ 
ditions existing in these tunnels. It was necessary to 
design and install, in the 18-in. space between equipment 
and tunnel roof, a trolley system suitable for high-speed 
service, carrying 11 000 volts to earth, as well as to 
provide sufficient clearance between the live parts and 
the earthed car and tunnel roofs to ensure reliable 
operation. In the land portion of the tunnels consider¬ 
able seepage existed through the roof and this had to be 
corrected within the area above the pantograph shoe, to 
avoid formation of icicles with the resulting short- 
circuits and breakage of pantographs in cold weather. 

Other problems both of engineering and of construction 
existed, but through the close co-operation of engineers 
and manufacturers all were successfully met; and in 
January, 1932, 2 years after work had been started, single¬ 
phase alternating-current operation was substituted for 
direct-current operation between Sunnyside Yard and 
Manhattan Transfer. 

New York-Philadelphia Section 

Meanwhile work was progressing between Manhattan 
Transfer and Philadelphia. In January, 1933, electric 
operation of the through passenger service was in¬ 
augurated between New York and Philadelphia, and in 
March and April of the same year electric operation of 
southern trains to Wilmington and western trains to 


Paoli was started. At these points the electric and steam 
locomotives were interchanged. 

Wilmington-Washington Section 

In December, 1933, final arrangements were made to 
finance the completion of the electrification from Wil¬ 
mington to Washington as well as the additional electrifi¬ 
cation between Wilmington and New York needed for 
freight operation. 

Preliminary Work 

At this time the engineering designs for the balance of 
the project were well under way and progressing slowly. 
Construction work, however, was completely shut down 
and only the nucleus of a small force was being retained 
by the Railroad Company. A careful estimate of the 
time necessary for completing the electrification was 
made, and January, 1936, was decided upon as the date 
for beginning passenger service and June, 1936, for 
freight service, though several major problems had yet 
to be solved. 

A construction force of 11 000 men, drawn from the 
ranks of furloughed employees of the Railroad, was to 
be built up to apply the electrification to the Railroad. 
The necessary .work train and other equipment for the 
use of these men had to be provided, the engineering 
designs completed at a rate sufficient to keep ahead of 
the construction force, and the materials supplied at a 
rate necessary to complete the project on time. To meet 
these requirements, 64 sets of work-train equipment, 
220 trucks and passenger automobiles, and 4 fully- 
equipped storehouses were necessary, apart from the 
engineering designs, materials, and equipment; the latter 
in many cases could not be provided until after the 
engineering designs had been completed. 

Special Problems of the Project 

One of the difficulties of the extension of the electri¬ 
fication was that engineering problems arose which had 
to be solved rapidly, in order not to delay the programme. 

Within the cities of Washington and Baltimore, the 
132 000-volt transmission circuits of the Railroad are run 
in underground cable. Experience with underground 
cable for circuits of this voltage is not very extensive, 
and so, to secure such experience, two different types of 
construction were adopted. The engineering investiga¬ 
tion and design work in connection with these installations 
was of such a character that it had to be done thoroughly 
rather than hastily, and it was necessary to plan out 
this work carefully in order that both engineering and 
constructional operations might progress as rapidly as 
possible, consistent with the securing of a first-class 
installation. 

Another special problem was the existing railroad 
tunnel at Baltimore, nearly 8 000 ft. long, through which 
passes a heavy passenger and freight service. The 
application of the electrification circuits to this section 
required the most careful co-ordination of the work-train 
service to avoid delays to passenger trains and at the same 
time to give the maximum use of track to the work 
trains. The engineering design of the catenary supports 
was worked out to give the maximum trolley-wire 
height possible consistent with the restricted clearance 
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in the tunnel, to permit the movement of freight trains 
with lading of unusual height. 

Through the Baltimore Station area the track arrange¬ 
ment was not so satisfactory as could have been desired, 
a,nd, in connection with the electrification work and the 
building of the new Union tunnel north of the city, it 
was decided to rearrange these tracks so. as to make 
better provision for the through freight and passenger 
movements, and also to lower them through the station 
proper and thus provide adequate headroom for the 
overhead trolley wire. The work of rearranging these 
tracks was not under the direction of the electrification 
organization but was carried out simultaneously with the 
electrification, and close co-ordination was necessary 
between the two projects. 

Throughout the territory to be electrified considerable 
preparatory work had to be done before the electrification 
construction work could be started. Some of this work 
had already been completed when the electrification 
construction was authorized in December, 1933. That 
still remaining to be done included the placing of com¬ 
munication and signal control lines under ground to 
ensure their protection against severe weather conditions, 
as well as to clear the right-of-way for the electrification 
circuits; the provision of proper overhead clearances for 
trolley-wire circuits where overhead construction such as 
highway bridges and tunnels existed; the removal or 
proper re-location of wire crossings of other ownership 
than the Railroad to provide proper transmission- and 
trolley-circuit clearances; the re-location of the signals to 
coincide with the pole locations for the overhead trolley 
system; and the changes in signals, where necessary, to 
enable their circuits to co-ordinate properly with those of 
the trolley system. 

At a number of points drawbridges existed. It was 
necessary to provide continuous trolley-wire contact, 
suitable for high-speed service, across the draw spans, 
and at the same time to permit opening of the bridge. 
Each bridge was different in t 3 ?pe or' construction, and 
required individual treatment. 

There were also several crossings at grade with trolley- 
cars. It was necessary to provide continuous power 
supply to the locomotives, at 11 000 volts alternating 
current, and to the trolley-cars at much lower d.c. voltages, 
and at the same time to keep the two systems isolated 
from each other. One of the most interesting and 
ingenious devices consisted of a trough for the car trolley 
wire at a lower elevation than the a.c. contact wires, 
which could be rotated about a vertical axis to connect 
the ends of the car trolley wire on each side of the railroad 
when a car was passing; but otherwise remained parallel 
to, and between, the railroad tracks and clear of passing 
trains. 

At Washington, the freight line passes through part of 
the city’s park system and then crosses the Potomac 
River over a long bridge. Special attention was paid to 
the appearance of the structures within the park area. 
Two 11 000-voit trolley feeders were carried across the 
river in concentric submarine cables and continued under¬ 
ground through the park area as standard cable to 
avoid additional overhead wires. The concentric sub¬ 
marine cable which was employed was new in type and 
required special design and handling. The route of 


nearly 4 000 ft. of this same line in Washington is 
through the Virginia Avenue tunnel, where the two 
tracks had to be replaced by one track and the grade 
lowered 2 ft. to provide trolley clearance. Extensive 
repairs to concrete and drainage were also needed. 
Throughout this work one track had to be always 
available for the frequent freight service in both direc¬ 
tions, but careful planning and attention to detail 
accomplished the desired result. 

POWER SUPPLIES 
General 

While the power supplies had already been arranged 
for, additional details as to the exact location and design 
of step-up stations at supply points had to be decided. 
Power is supplied from seven sources, as follows: (1) The 
Railroad Company's power plant in Long Island City, 
New York. (2) A frequency-changer station of the Public 
Service Electric and Gas Co., at Metuchen, New Jersey. 
(3) and (4) Two frequency-changer stations of the Phila¬ 
delphia Electric Co., one at Richmond, Philadelphia, and 
the other at Chester, Pa. (5) An emergency supply from 
the Schuylkill station of the Philadelphia Electric Co. in 
Philadelphia. (6) and (7) Two supplies from the Aldred 
Companies of Baltimore (Consolidated Gas, Electric Light 
and Power Co., Pennsylvania Water and Power Co., and 
the Safe Harbor Water Power Corporation), one at 
Perryville, Md., and the other at Penning, Washington, 
the latter through the system facilities of the Potomac 
Electric Power Co. 

This arrangement adequately protects the service by 
providing power supplies at points well distributed along 
the route, and at the important Washington and New 
York terminals, while at the same time it permits the 
supply of blocks of power from each source of sufficient 
volume to ensure economy of production. 

Power-Supply Stations and Substations 

The transfoi-mer capacity installed at the supply points 
totals 452 600 kVA (continuous rating) and, except for 
the supply from the Railroad Company’s own power 
plant in Long Island City and one 26-cycle waterwheel 
generator at the Safe Harbor power plant, this power is 
obtained from the supplying companies through 60/26- 
cycle frequency-changer motor-generator sets from inter¬ 
connected 60-cycle power-company systems. These 
supplies are normally operated in parallel through the 
Railroad’s 26-cycle transmission lines as well as through 
the power companies’ own 60-cycle systems and are split 
apart only when the 60-cycle systems are out of step, 
or if there is a possibility that this eventuality may occur 
because of lightning storms or similar emergencies. 

At the principal supply stations, cables from the 
25-cycle generators connect through circuit breakers to 
a nominally 13 200-volt tubular ring busbar divided into 
a number of sections by means of busbar tie circuit 
breakers. From these sections feeds are taken through 
circuit breakers to the transformers. The transformers 
themselves are connected direct to the transmission lines 
through horn-gap sectionalizing switches. Oil circuit- 
breakers on the ring busbar in these supply stations have 
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a continuous rating of 6 000 amperes and an interrupting 
rating of 120 000 amperes. 

At the Railroad Company’s Long Island City power 
plant, transformers of approximately 1: 1 ratio are used 
in order to isolate the generator at this point from i-he 
trolley-rail system, and these transformers feed into the 
underground concentric-cable distribution system in the 
New York terminal area, at 11 000 volts. This system 
is in turn connected to the 132 000-volt transmission 
system through transformers at Hackensack Portal sub¬ 
station on the New Jersey side. 

The remaining supply stations feed directly into the 
132 000-volt transmission line at the supply stations 
through transformers of 15 000 or 20 000 kVA continuous 
rating. 

A total of .11 generators are connected to the system, 
with a total generating capacity of 317 320 kVA (con¬ 
tinuous rating), or 234 960 kW at the power-factor rating 
of the various machines. 

Step-down ,substations tap the transmission line at 
intervals of approximately 8 miles. Over the 373 miles 
of route, included in which is the main line from Phila¬ 
delphia to Paoli and various branches, as well as the main 
line between New York and Washington, are located a 
total of 40 transformer substations, with 152 transformers, 
having a total continuous rating of 669 000 kVA and 
including 26 000 kVA of step-up transformers which feed 
the 44 000-volt circuits from the 11 000-volt busbars at 
two stations. The present design of substation is of the 
outdoor t 3 rpe, contrasting with the totally enclosed indoor 
t 3 rpe of 20-30 years ago. The transformers are of the 
oil-insulated, self-cooled t 3 ;^e, instead of the air-cooled, 
and oil-insulated, water-cooled types used in the early 
substations. A transformer size of 4 600 kVA continuous 
rating has been adopted as standard. A total of 134 units 
of this size are installed. These transformers have ample 
overload capacity and have been carefully co-ordinated 
both with respect to bushing and as regards internal 
insulation with the transmission line so as to eliminate, 
as far as modern design permits, any possible failure due 
to excessive voltage. The older protection schemes using 
choke coils and electrolytic lightning arresters have been 
replaced by co-ordinating gaps and arcing rings or 
modern lightning arresters. The later transformers have 
a high impulse-voltage rating, permitted by modern 
design knowledge. 

High-voltage circuit breakers are not used in the 
modern substations for transformer switching. The 
transformers are considered a part of the transmission 
line, separated only by horn-gap sectionalizing switches. 
Circuit breakers in the 132 000-volt transmission line are 
installed at two points only, at Zoo substation, Phila¬ 
delphia, and at Perryville substation, in Maryland, where 
they are used to split the transmission system into three 
parts should the power-supply stations become cut apart 
from their interconnections. 

One of the most valuable developments in substation 
distribution apparatus is the high-speed trolley circuit- 
breaker. Formerly trolley circuits were supplied through 
standard-type oil circuit-breakers operating at a com¬ 
paratively low speed, and because of this low speed the 
occurrence of a short-circuit sometimes resulted in burn¬ 
ing down the trolley wire. The present-day trolley 


circuit-breakers contain little or no oil and are capable 
of interrupting a short-circuit of 50 000 amperes in 
less than 1 cycle on a 25-cycle basis, or approximately 
0-04 sec. Frequently it is not possible to locate the 
exact place where the fault occurred, so quickly has it 
been cleared. There are 395 of these high-speed circuit 
breakers in service, feeding the trolley circuits of the 
electrification. 

In addition to the transformer stations feeding the 
main-line trolleys, eight trolley switching stations have 
been installed in the yard and terminal areas. The large 
number of circuits in these areas has resulted in the 
adoption of a scheme in which a high-speed circuit 
breaker feeds a busbar from which a number of sections 
are each fed by a circuit breaker of low interrupting 
capacity, suitable only for handling load currents. In 
the event of a fault on one of the sections the high-speed 
circuit breaker opens and, after the circuit has become 
de-energized, the low-interrupting-capacity circuit breaker 
opens the section at fault; following this the “master" 
circuit breaker recloses, restoring power to the trolley 
sections unaffected by the fault. A total of 81 of these 
low-interrupting-capacity circuit breakers have been 
installed. 

TRANSMISSION SYSTEM AND STRUCTURES 
Ovei*head Lines 

The transmission lines and signal lines are in general 
carried on the structures which support the catenary 
contact system. These structures are spaced approxi¬ 
mately 20 per mile, and the usual construction is divided 
among three different t57pes. 

The first of these is the cross catenary structure. This 
consists of the poles with their foundations and guys; the 
cross catenary span, which supports the weight of the 
longitudinal wires over the track; the body span, which 
is the horizontal member just below the cross catenary 
wire and which takes the side load in the main messenger; 
and in most cases a steady span, which prevents excessive 
lateral movement of the contact wire. The poles are of 
the “ H ” beam type, although in the earlier installations 
tubular poles were used. All of the cross wires are of 
stranded bronze, the steady span being of p,. in. diameter 
and the others varying from | in. to 1 in., depending upon 
the loads to be supported. All these strands come cut to 
length and equipped uith swaged or drawn fittings on 
each end. Adjustments are made with turnbuckles. 
The structure guys are of galvanized extra-high-strength 
steel strand and vary in diameter from | in. to l|in., 
depending upon the loads. This general t 5 q)e of con¬ 
struction has many advantages, such as less cost and 
somewhat better visibility along the tracks, and is used 
where right-of-way conditions permit. 

The second type utilizes the beam form of structure. 
The poles are not guyed and the cross spans are replaced 
by a cross beam, which, in turn, is stiffened by sag braces. 
The insulators for the main catenary are suspended from 
the beam. Generally a steady span is used with this 
structure. 

A third, and less frequently used type utilizes the 
bracket structure. This is a single guyed pole supporting 
a bracket, which in turn supports the main catenary 
wires of one or two tracks. 
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A unique feature of these general types of construction 
is extreme longitudinal and torsional flexibility combined 
with a high degree of transverse strength. At the top 
of the poles on each side of the right-of-way is a 4/0 
A.W.G. (American Wire Gauge) 7-strand copper static 
wire (see Figure on page 97), with bronze strand sub¬ 
stituted at locations where greater longitudinal strength 
is desired. The transmission conductors are supported 
about 10 ft. below the static wire by 11 insulator units 
of the standard cap-and-pin design, 10 in. diameter by 
5| in. spacing, having a specified mechanical and electrical 
test strength of 11 000 lb. The potential is 132 000 volts 
between conductors and normally 66 000 volts to earth, 
the mid-point of the step-up transformers being earthed 
through a 330-ohm resistor at the supply points. Between 
Philadelphia and New York there are four such circuits, 
two on each side of the tracks. The configuration is 
vertical with 14 ft. vertical separation between conductors 
and 17 ft. horizontal separation between the two circuits 
on the same pole. In the territory between Philadelphia 
and Washington there are two circuits, one on each side 
of the right-of-way. Here the configuration is horizontal, 
the conductors being separated by 17 ft. All circuits are 
transposed midway between substations. 

The conductors consist either of hollow copper or 
of steel-reinforced aluminium (A.C.S.R.), about equal 
amounts of each being used. Four designs of hollow 
copper wire were installed, all having a cross-sectional 
area of 250 000 circular mils (c.m.) and all except one 
having an outside diameter of 0-731 in.; the diameter of 
the fourth type is 0- 818 in. A.C.S.R. of 477 000 c.m. size 
is used; this conductor has a diameter of 0-858 in. All 
transmission and static wires are strung with a sag of 
5 ft. in a 300-ft. ruling span. This results in a normal 
tension of 1 8451b. for the hollow copper and 1 4701b. 
for the A.C.S.R. 

The original transmission circuits on the Paoli and 
Chestnut Hill electrifications, constructed before the 
through-electrification scheme was carried out, are of 
lower voltage. These circuits operate at 44 000 volts and 
are supported on pin-type insulators. No. 2/0 A.W.G. 
copper was used on the Paoli circuits and 2/0 A.W.g' 
equivalent A.C.S.R. on the Chestnut Hill line. These 
circuits are spaced 6 ft. horizontally and 3 ft. 2^ in, 
vertically. They are, of course, still in service. 

The signal power transmission system on the electrified 
tracks consists of a single-phase 100-cycIe 6 600-volt 
circuit carried on the catenary poles at about the eleva¬ 
tion of the body span. The insulators are 27 000-volt, 
pin type, and the No. 1/0 A.W.G. copper conductors are 
spaced 7 ft. horizontally. This circuit is tapped through 
transformers at signal bridges and other locations where 
a supply of energy is required for signal operation. It 
furnishes a certain amount of energy for station lighting, 
highway crossing signals, etc. 

Cable Installations 

Ihrough the cities of Baltimore and Washington it was 
not practicable to use overhead construction for the 
132 000-volt transmission circuits and it was therefore 
necessary to utilize cable construction. Two types of 
cable were available for such a voltage and it was decided 
that in order to obtain wider experience, as well as to 


provide additional safeguards to the service, both types 
should be used. 

Through Baltimore the “ Oilostatic ” .system was 
installed. This high-voltage cable system is formed by 
pulling the 132 000-volt insulated cables into a steel pipe 
and, with the cables in place and spliced, filling the pipes 
with insulating oil under 200 lb. per sq. in. pressui'e. Two 
paper-insulated 500 000-c.m. cables forming the two sides 
of the single-phase circuit are used in a steel pipe of Bl- in. 
inside diameter. This system uses the same thickness of 
insulation as is used in hollow-core oil-filled cables. 
Shielding tapes are wra.pped over the insulation, and 
over the shielding tape is applied a canvas tape which 
acts as protection when the cable is drawn into the pipe. 
The cable is impregnated in a similar manner to that of 
solid-type cable, and then a thin lead sheath is applied. 
This lead sheath is removed when the cable is drawn into 
the pipe. For the longer lengths, the longest being 
3 800 ft., copper armour wire is placed over the insulation 
for distributing the high pulling stresses which occur 
during installation. 

The cable pipes are sectionalized by means of semi-stop 
joints and terminate in a manifold with each insulated 
conductor extending upward through its own riser pipe to 
terrninate in a separate pothead. In the potheads a 
specially designed thick inner porcelain is placed around 
the cable to carry the 200 lb. per sq. in. oil pressure. An 
outer porcelain shell is placed over all, and the .space 
between the two tubes is filled with oil under atmospheric 
pressure. 

This construction extends from the north portal of the 
Union Tunnel at Bond Street to the south portal of the 
Baltimoie and Potomac Tunnel at Fulton Junction, a 
distance of 3-13 miles, with two circuits throughout. In 
the older tunnel, the cable system was surrounded by a 
reinforced-concrete envelope built into the side-wall of 
the tunnel at about the elevation of the rails. This 
envelope serves to protect the cable system in case of 
derailments. In the new Union tunnel a prepared 
trough was built into the elevated walkway through the 
tunnel in which the pipes were laid. They were then 
covered with a layer of sand, and a thin layer of concrete 
was placed on top to complete the walkway. Outside 
the tunnel the pipes were given a coating of bitumastic 
material and buried directly in the ground. The cables 
from both directions are terminated in the Baltimore 
substation, which is located between the two tunnels. 
Here are also located the necessary oil-treating and 
pressure-maintaining equipment. 

In Washington the more familiar Pirelli type of 
132 000-volt cable is used. This cable utilizes a lead 
sheath to contain the insulating oil, and a hollow con¬ 
ductor furnishes a centre circulating duct for the oil. A 
nominal pressure of 5 to 10 lb. per sq. in. is maintained by 
the use of suitable reservoirs. The cable has a cross- 
section of 450 000 c.m. It is installed generally in 4-in. 
fibre ducts encased in concrete in the manner commonly 
used for lead-covered cables, excepting through the 
irginia Avenue Tunnel where slots were provided along 
the wall of the tunnel and the cable installed in them and 
covered with pre-cast concrete blocks. This type of 
construction was used from a point just south of the 
Anacostia River through the tunnel to the substation 




Typical four-track construction on the Pennsylvania Railroad. 

Four 132-kV transmission circuits are shown, with guyed cross-catenary structures and a signal bridge in the background designed 

to act as a supporting structure for the catenary and transmission lines. 
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at South Capitol Street in Washington, a distance of 
approximately 2 miles, with two circuits throughout. 

Both types of cables are directly connected from the 
potheads to the overhead lines through horn-gap switches. 


DISTRIBUTION SYSTEM 

In discussing the distribution system, let us consider 
first the rails. These are like any other rails of equal 
weight and section, but they are of interest because they 
become a part of the traction circuit. Of principal 
interest is the method of bonding: after considerable 
research work extending over many years a standard 
bond was adopted. This consists of two parallel strands 
each made up of 7 steel and 10 copper wires, with the 
ends butt-welded to tapered steel plugs. These plugs 
are driven into f-in. holes in the web of the rails, and the 
rail joint is thus provided with an adequate bond. The 
copper strands are tin-plated, and the whole bond has 
the appearance of the standard galvanized-steel signal 
bond. This has greatly reduced the theft of bonds, 
which has been a source of considerable expense and 
annoyance where the all-copper types of bonds have been 
used. Bond maintenance, which used to be an item of 
considerable cost, has been reduced to a relatively 
small amount. 

The continuity of return path for the traction current 
around the insulated rail joints required by the signal 
system is maintained by the use of impedance bonds. . 
These are, in effect, composed of two auto-transformers, 
connected across between rails on either side of the 
insulated joint, and with their mid-points connected 
together. The impedance to the flow of traction current' 
is therefore effectively neutralized, whereas a high 
impedance is maintained between rails for the signal 
circuits. 

CATENARY CONSTRUCTION 

The overhead catenary system used on main-line tracks 
consists of three main members—the messenger, the 
auxiliary, and the contact wires. On the Paoli and 
Chestnut Hill electrifications a -|-in. galvanized-steel 
messenger wire was originally used. A few years’ 
experience showed that this material was subject to 
quite rapid corrosion, particularly where steam service 
was present. Consequently later installations have used 
high-strength bronze messenger, -|-in, diameter, with 
a normal tension of 4 640 lb. The specifications under 
which this wire is purchased permit either of two alloys—a 
silicon-tin-copper or an aluminium-tin-copper mixture. 
Both have high strength (llfiOOO lb. per sq, in.) and 
relatively low conductivity (about 13 per cent). The 
standard auxiliary wire is 4/0 A.W.G. grooved copper, 
strung to a normal tension of 1 200 lb. This member 
serves a dual purpose: to act as the principal current- 
carrying member and to act as an intermediate mes¬ 
senger, providing additional flexibility. The contact wire 
is 4/0 A.W.G. grooved bronze, either a tin-copper or a 
cadmium-tin-copper mixture being permitted by the 
specifications; the normal tension is 3 500 lb. The 
hanger rods between the messenger and the auxiliary 
wire are of bronze. The clips which are used for attach¬ 


ing the hanger rods to the wires and for attaching the 
contact wire to the auxiliary wire are of cast bronze, 
generally of the well known 88-10-2 mixture, with an 
allowable substitution of nickel for part of the tin. 

The auxiliary wire is supported from the messenger 
at 30-ft. intervals by means of the hanger rods. These 
hangers vary in length from less than 3 in. near the 
centre of the span to about 4-5 ft. near the supports. 
The contact wire is supported from the auxiliary wire by 
means of clips, spaced at 15-ft. intervals, and so arranged 
that they are staggered with respect to the hangers 
above. This arrangement increases the flexibility of the 
system and makes for what is known as a " soft ” 
wire, i.e. one without “ hard spots.” 

The pressure of the pantograph produces an upward 
deflection of the overhead system which must travel as a 
wave ahead of the train. It is therefore easy to see that 
any change in grade or mass of the overhead system must 
be made very gradually. A pantograph moving at high 
speed and striking a ” hard spot ” has the effect 
of a sledge-hammer blow, both on the wire and on 
the pantograph. The result is that the pantograph 
" bounces ” away from the contact wire and may cause 
serious damage. Consequently the greatest possible uni¬ 
formity of flexibility in the catenary system is extremely 
important, particularly in high-speed territory. 

On branch lines that are used exclusively for freight, a 
simple catenary is used in lieu of the compound catenary 
described above. In this construction the auxiliary wire 
is omitted and the contact wire is suspended directly 
from the messenger with lifting-type hangers. The loss 
of the high conductivity of the auxiliary wire is com¬ 
pensated for by using a composite messenger, having 
12 copper wires on the outside and a core of either 
bituminous-coated galvanized steel, copper-covered steel, 
or high-strength bronze wires. Furthermore, the contact 
wire used has a conductivity of 55 per cent as compared 
with 40 per cent in the compound system. By this means 
a total conductivity practically the equivalent of that of 
the standard construction is obtained. 

An interesting development in the details of construc¬ 
tion has been the hollow copper rivet which has replaced 
bronze bolts for use with the clips. Formerly bronze 
carriage bolts with split ends were used, and after 
adjustment the ends were spread as a cotter key to hold 
the nut in place. There was, however, a considerable 
trouble with loose nuts, which frequently resulted in 
damage to the pantographs and wires. Approximately 
5 years ago hollow rivets were adopted as standard and a 
machine for applying them was developed. They can 
now be installed as rapidly as bolts, and have proved 
more satisfactory. 

The catenary contact system over each main running 
track is electrically independent of that over all other- 
tracks, except so far as it is connected through the sub¬ 
station busbar. Section breaks are installed in ■ all 
cross-overs and at interlockings in such a manner that 
the overhead system can be arranged for any movement 
of trains that the tracks can be arranged for. Most of 
these section breaks are bridged by trolley sectionalizing 
switches, some manually and some electrically controlled. 
They may be normally open or closed, depending upon 
the location. 
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EXTENT OF TRANSMISSION AND DISTRIBUTION 

SYSTEM 

The extent of the transmission and distribution system 
for the electrification is indicated by the following figures: 
There are in service approximately 666 circuit miles of 
132-kV transmission lines, 85 circuit miles of 44-kV trans¬ 
mission lines, and 325 circuit miles of 6 600-volt signal 
transmission line. There are a total of 2 278 trolley 
section breaks and approximately 1 600 trolley 
sectionalizing switches, of which 775 are hand-operated 
and 725 are fnotor-operated. The total mileage of the 
overhead trolley system is 1 343 track miles. 

MULTIPLE-UNIT CARS 
Service Requirements 

Owing to geographical advantages a very extensive 
suburban territory has developed around Philadelphia, 
and the Railroad naturally desired to provide a high-class 
means of transportation for these communities. Also, 
the increase in passenger traffic had caused a seriously 
congested condition at the old Broad Street Station. 
These circumstances afforded a very attractive field for 
electrification, and multiple-unit cars were the only type 
of equipment which could economically meet the very 
exacting requirements. There are two outstanding 
points in favour of multiple-unit cars: First, their ability 
to accelerate and decelerate rapidly; and second, their 
flexibility, which permits of arranging the train size to 
meet the traffic demand. 

The Pennsylvania Railroad had anticipated electrifica¬ 
tion and provided suburban-t 3 rpe cars, which were placed 
initially in steam service. These cars are about 54 ft. in 
length over body corner-posts, accommodate 72 pas¬ 
sengers, and were built for conversion to electric multiple- 
unit service when desired. They are lighter in weight 
than the standard passenger equipment and are so 
arranged that the centre sill allows space for, and has 
sufficient strength to support, all necessary equipment 
beneath the car floor. The centre sill is also suitable for 
serving as an air duct between the ventilating fan and the 
traction motors. Consequently conversion to electric 
service required, in addition to electrical equipment, 
supporting brackets for equipment, application of one 
truck suitable for motors, and minor changes to the 
brake equipment. With the completion of the poAver- 
supply system to Paoli in 1915, 93 of these cars were 
converted to electric operation and were placed in service 
between that point and Philadelphia. In 1918, the line 
to Chestnut Hill was completed and 22 more cars were 
converted. Increase of traffic made it necessary to add 
16 cars in 1922. 

This totaTof 130 electrical equipments purchased in 
three separate lots difi:ered in certain minor details, but in 
general were substantially the same. These 130 equip¬ 
ments are identified as having type 412-A doubly-fed 
motors. This type of motor represented the very latest 
and best in design when offered to the Railroad just 
before 1916. Certain changes have been made to the 
auxiliary apparatus of these first equipments, but the 
same motors, switch groups, and transformers, are still 
in use and giving excellent service after 20 years. It 
must, of course, be understood that this equipment has 


been repaired at times, and it is a question just how much 
of the original apparatus—^particularly coils and windings 
—^is still in service. 

Ten years after the first cars had been placed in electric 
service the electrical manufacturers proposed a con¬ 
siderably improved control equipment along with im¬ 
provements to the motor. The Railroad v/as already 
planning further electrification, and purchased 28 of these 
equipments for trial before deciding on the larger number 
which would be required. After a short period of trial 
93 of the improved equipments, which are identified as 
having type 412-D motors, were purchased. In addition, 
30 equipments very similar to the type 412-D were 
purchased from another manufacturer, while a third 
manufacturer furnished 5 equipments. These latter dif¬ 
fered from any previously furnished in that the motors 
were of the series type and the control closely followed 
European design. This total of 128 cars was required 
for service from Philadelphia to Wilmington and West 
Chester. 

With the completion of the electrification of the main 
line north to Trenton and the line to Norristown, another 
59 cars were added in 1930. It was recognized that still 
more cars would be required on the completion of the 
electrification between New York and Washington, and 
86 were obtained of a type and size which operate as 
motor-trailer units. 

The above constitutes the single-phase multiple-unit 
equipment now in service. There are 431 cars operating 
in suburban service over 6 different lines radiating out 
from Philadelphia, in local service to New York and 
Baltimore, and in suburban service of lesser extent 
between New York and New Brunswick and South 
Amboy and between Washington and Baltimore. 

Equipment 

The power collected from the trolley is taken to a 
transformer, where the voltage is reduced from 11 000 to 
860 volts for driving the traction motors. On the 
secondary of this transformer there are numerous taps 
connected to unit switches for controlling the motor 
voltage during acceleration. The unit switches are 
grouped in a box beneath the car, along with other 
apparatus for protection and control. Such apparatus 
as the blower motor, compressor, heaters, and motor- 
generator set, also takes power from taps of suitable 
voltage with the necessary control. 

As the na,me “ multiple unit ” implies, any reasonable 
number of cars can operate in multiple as a single unit. 
This is accomplished in the accepted way of energizing 
train line wires from a master controller on the head car 
of the train, which control simultaneously corresponding 
switches on each car. This method ensures that all cars 
start and accelerate together. The rate of acceleration 
is determined and made automatic by a limit relay on 
each car. 

The high-voltage protection is of particular interest. 
In view of the tremendous power resources of the trolley 
system, it is necessary to prevent the lowering of the 
pantograph while it is drawing an excessive current, such 
as occurs in the event of a fault. Lowering the panto¬ 
graph under such conditions would cause serious flashing 
and burning. To prevent this, a relay is provided to 
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operate on overload current, disconnecting all control 
from the pantograph to ensure its remaining against the 
trolley. As soon as the line is de-energized by the sub¬ 
station breakers the relay assumes a position calculated to 
lower the pantograph and hold it down until the car is 
taken to the shop for repairs. 

Let us now consider the rating and characteristics of 
this equipment. Each of the single-unit cars carries two 
motors rated separately at approximately 200 h.p., which 
are sufficient to accelerate the car at 1 mile per hour per 
sec. and drive it continuously at 45-65 m.p.h. The 
double-unit cars also have but two motors, both mounted 
in one truck, rated at 370 h.p, each. Although difihring 
in almost every detail of design, these double-unit cars are 
arranged to multiple with the older single units. 

There are several features of the multiple-unit equip¬ 
ment, regardless of make and design, which are of 
interest. Automatic protection is provided for motor 
failures, slipping of wheels, and loss of ventilating air. 
Electro-pneumatic braking with clasp brakes on all 
wheels is used, so that very rapid yet smooth deceleration 
is possible. This feature is as essential as rapid accelera¬ 
tion in order to maintain the fast schedules now 
provided. 

Along with the progress by electrical manufacturers in 
propulsion and control equipment, the Railroad has 
improved numerous features to provide better service 
and reduce the cost of maintenance. Probably the first 
change of consequence was that of the body lighting. 
Originally, the power for this purpose was taken from 
the transformer and was subject to all the fluctuations 
in line voltage; also, it was not satisfactory, coming from 
a 25-cycle source. Direct current is now used for 
lighting, taken from a small motor-generator set and 
battery. Following this, the headlights were increased 
to 250 watts, equivalent to those on all locomotives. 
This was a very desirable improvement from a safety 
standpoint. To provide more dependable air supply for 
braking and operation of certain pneumatic equipment, 
the original compressors have been eliminated and a 
much improved 4-cylinder design adopted. Thermo¬ 
statically-controlled heat is now provided, with a re¬ 
arrangement which increases the amount of heat available 
for the car. Another feature making for improved 
operation has been the adoption of the code-type 4- 
indication cab-signal system with whistle and ac¬ 
knowledger. A continuous signal indication is carried in 
the motor-man's compartment. This permits running 
on closer schedules and is of great assistance to the 
motorman during foggy weather. 

Maintenance 

The Railroad is fully equipped to maintain and repair 
all its car equipment, even to the extent of manufacturing 
many of the parts required. Transformers, motors, and 
pantographs are rebuilt, relays rewound, and control 
overhauling done, in the Railroad’s shops. The heavy 
repairs and maintenance work are done at Wilmington 
and the periodic inspection at Paoli. Originally, this 
periodic inspection was on a I 500-miIe basis; later it 
was increased to 3 000 miles, then to 4 500 miles, and 
now after inspection a car does not return to the shop 
for periodic attention until it has covered 6 000 miles. 


This system necessitates very careful inspection and 
supervision, but it has materially reduced the maintenance 
cost and permits the inspection of 431 cars with the 
same facilities as were originally provided for maintaining 
approximately 100 cars. 

ELECTRIC-LOCOMOTIVE DEVELOPMENTS 

The electric locomotives used by the Pennsylvania 
Railroad have been the result of an orderly and consistent 
development as permitted by the development of motors 
and other electrical parts. This development has pro¬ 
gressed continuously from about 1906 up to the 
present day. 

The first two electric locomotives constructed by the 
Pennsylvania Railroad were built as an experiment in 
1905. They were of very similar design, each having 
two swivel trucks, articulated together and surmounted 
by a box cab. One of these locomotives had geared 
motors and the other had gear less motors. Both 
locomotives are still in, or available for, regular service. 
After construction they were tested on a special test 
track installed on the West Jersey and Seashore Railroad 
for the purpose of measuring accurately their action on 
the track. Like all locomotives of this design they were 
very rough at the higher speeds. 

In 1908 the construction of the new terminal station 
and tunnels in New York was well under way and a 
decision on the power system and the selection of suitable 
locomotives had to be made. The New Haven Railroad 
was successfully operating with single-phase alternating 
current, and the Pennsylvania Railroad at this time was 
cognizant of the probable advantages of that system for 
heavy main-line service. In the autumn of 1908, five 
miles of track on the central extension of the Long Island 
Railroad, east of Garden City, were equipped with over¬ 
head catenary-wire construction, and tests were made of 
a 16-cycle gearless locomotive and of a car equipped with 
15-cycle motors. The overhead wire comprised sections 
of all the types of construction that gave any promise. 
The locomotive and car, as well as several other trailer 
cars, were equipped with various types of current col¬ 
lectors, pantograph shoes, etc. The locomotive and car 
were operated in test service day and night for several 
months, and considerable information was thus obtained 
as to the tracking action of the locomotive and as to the 
performance of the various types of wire and of current 
collectors. After consideration of the results it was 
decided to use direct current with a third rail between 
Manhattan Transfer and Sunnyside Yard, including the 
river tunnels and station area. 

In 1909, two experimental direct-current locomotives 
known as the DD-1 type were built and tested on the 
Long Island Railroad. These locomotives consisted of 
two articulated units operating as a single engine. Each 
had a four-wheel truck and two driving axles. The 
motors were located in the cabs, to give a high centre of 
gravity with easy action on the track, and the diive was 
transmitted to the wheels by rods and a jack shaft. 
These test locomotives were operated day and night 
during the winter of 1909 and 1910, hauling a train 
loaded with scrap iron. Their operation was very 
satisfactory and, after a few minor modifications had 
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been made, 24 more locomotives were coirstructed early 
in 1910. During the summer of 1910, prior to the 
opening of the service into the New York terminal 
station, the test track mentioned previously was installed 
on the line west of Hackensack Portal and the engines 
were tested for track action. A service of through 
trains out of the New York terminal was started in 
November, 1910. Seven more locomotives of the same 
type were subsequently built to handle the increasing 
service. All of these type DD-1 locomotives are still in, 
or available for, service. They were the last ones con¬ 
structed by the Pennsylvania Railroad for purely d.c. 
operation. All locomotives built thereafter were so 
designed that even though they operated on direct 
current they could be readily converted to alternating 
current by minor changes. This was in line with the 
established policy of using 25-cycle alternating current 
for future extensions of electrification. 

Single-Phase Locomotives 

In 1917, foreseeing the possibility of main-line electrifi- • 
cation for through trains, the Railroad built a 4 000-h.p. 
freight locomotive having 3-phase induction motors and 
the necessary phase convertor to permit operation on the 
single-phase trolley wire. This locomotive had speeds of 
10 and 20 m.p.h. and was especially adapted to heavy- 
grade work, since it automatically regenerated. This 
locomotive was placed in freight service on the section 
electrified for suburban service between Philadelphia and 
Paoli, and was the most powerful one of its type con¬ 
structed up to that time. 

About 1922 it became apparent that main-line electrifi¬ 
cation was imminent. Experience and study had indi¬ 
cated that the Railroad needed a more flexible locomotive 
than could be provided with induction motors. Four 
tracks were available on the main line, with trains of 
various classes operated at varying speeds. Hence it was 
apparent that a commutator-type motor would be neces¬ 
sary to give the fiexibility desired. The Railroad further 
conceived the idea of a locomotive that could be used 
either as a high-speed passenger locomotive or as a lower- 
speed freight locomotive with high drawbar pull, by 
changing the gear ratio. At this time motors which 
could be placed between a pair of driving wheels were 
not available of sufhcient power to utilize properly the 
weight on the wheels, and the new locomotives were 
. designed with the motors located near the ends of the 
locomotives beyond the driving wheels and connected 
thereto by jack shafts and side rods. These locomotives 
were known as the L-5 class. They had four pairs of 
driving wheels in a rigid frame, with a two-wheeled truck 
at either end. In 1924, three locomotives were built, one 
for operation on alternating and the remainder on direct 
current. These were followed shortly by 21 more d.c. 
locomotives. 

In the next few years radical improvements were made 
in the design of motors, which resulted in twin motors 
■of 1 250 h.p. that could be placed between a pair of 
driving wheels above the axle, and thereby permit the 
elimination of jack shafts and side rods. The Railroad 
constructed experimental engines of three types using 
these new motors: (1) A 2 500-h.p. passenger locomotive 
ior light passenger service, known as the 01 class; 


(2) a 3 760-h.p. passenger locomotive for heavy service, 
known as the P5 class; (3) a 2 500-h.p, freight locomotive 
using four axle-hung single motors, known as the L6 class. 
The electrical equipments of these three classes of 
locomotives were identical except for the size of trans¬ 
former and the type of motor frame. The mechanical 
parts were also made as nearly interchangeable as 
possible. The two sizes of passenger locomotives could 
be coupled together, if necessary, to provide power units 
of 2 500 h.p., 3 750 h.p., 5 000 h.p., 6 250 h.p., etc. The 
freight engines provided power units of 2 500 h.p., 
5 000 h.p., and 7 600 h.p,, etc. After extensive road 
tests of these experimental locomotives, 62 more of 
the large passenger type (P5 class) were built for the 
service between New York and Philadelphia. 

Final Locomotive Types 

During the first year of electric operation between New 
York, Wilmington, Philadelphia, and Paoli, the electric 
locomotives handling this service covered 4 647 934 loco¬ 
motive-miles, and their operation was subjected to a very 
complete study by the Railroad Company, not only as to 
performance but also in order to obtain additional 
information for the analysis of electrically-operated 
passenger and freight schedules. 

The original programme contemplated building 28 ad¬ 
ditional passenger locomotives for the extension of the 
passenger service from Wilmington to Washington, and 
parts of these locomotives had already been constructed 
and stored at the works of the manufacturers. Sixty 
locomotives for freight service only had been contem¬ 
plated, and two of these had been built and placed in 
service during 1933. Experience indicated that better 
freight operation could be secured by the use of more 
powerful and higher-speed locomotives than the two 
experimental freight locomotives; and also that the 
requirements of the through passenger service were such 
as to make desirable the use of more powerful and faster 
passenger locomotives than those in use between New 
York and Wilmington. 

It was therefore decided to transfer to the freight 
service 68 of the passenger locomotives already operating 
between New York and Wilmington, and to substitute 
58 locomotives of somewhat different design, greater 
capacity, and higher speed. By so doing there would be 
secured in both the passenger and the freight service the 
benefit of higher-speed and more powerful locomotives 
than were provided in the original programme. There 
would also be the advantage of having in freight service 
a large number of locomotives which would be available 
also for high-speed passenger service. 

It was also decided that, in future locomotives, the 
motorman should be located in the middle rather than 
at the end of the cab, as this arrangement facilitated 
desirable streamlining. Starting early in 1934, two new 
types of passenger locomotives of higher speed and 
greater horse-power than the existing locomotives were 
designed. At the same time the existing type P5 loco¬ 
motive, 28 of which had been partly completed, was 
redesigned. By September of the same year one experi¬ 
mental engine of each of the two new types was on the 
rails ready for a test. Rigid comparisons were made to 
determine their relative advantages as to performance 
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on the track, cost, maintenance, efficiency, etc., and 
before the end of the same year a decision had been 
reached. 

The two new types were known as the class R1 and 
the class GGl, the former having four driving axles in 
a rigid wheelbase with a 4-wheel truck at each end, and 
the latter having two main frames articulated together, 
each main frame comprising three driving axles and a 
4-wheel truck. The cab framing of the latter locomotive 
was constructed in the form of a truss to give longitudinal 
strength, and the cab rested on the main frames on 
centre plates. The GGl locomotive was the one selected 
to be built in quantity. It is rated at 4 620 h.p. (con¬ 
tinuous) with a maximum short-time rating of about 
9 000 h.p. It is built for 90 m.p.h., hut tests show that 
it may be safely operated at speeds well in excess of 
100 m.p.h. 

Track Tests 

The comparative track tests of the various types of 
locomotive are of special interest. The test track con¬ 
sisted of 440 ft. of special track having steel ties on which 


INAUGURATION OF ELECTRIC SERVICE 

When the final arrangements had been made in 
December, 1933, for financing the continuation of the 
electrification programme, immediate steps were taken 
to complete the 28 electric passenger locomotives of the 
older design already partially constructed at the works 
of the manufacturers, and to design and construct the 
58 new passenger locomotives of higher speed and greater 
power. With the engineering advice and assistance of 
the General Electric Co., the Westinghouse Co., and the 
Baldwin Locomotive Works, this work was pushed to 
rapid completion. The last of the 57 new GGl engines 
was received in August, 1935, less than 18 months'after 
the design work had been started. 

With the co-operation of the public officers in the cities 
affected, the roadw^ay construction was also finished on 
schedule, and the first electric test train was run from 
Wilmington to Washington on the 20th January, 1935; 
regular passenger train service was inaugurated on the 
10th February. The freight electrification was com¬ 
pleted on schedule, and service was begun in May and 
built up as fast as new locomotives were received. 


Table 


Class 

Total weight 

Motors 

Length 

Locomotive 

weight 

DDl (D.C. Passenger) 

L5 (D.C. Passenger) 

L5 (A.C. Freight) .. 

OlC (A.C. Passenger) 

P5A (A.C. Passenger and Freight) .. 
L6 (A.C. Freight) . . 

Rl (A.C. Passenger) .. 

GGl (A.C. Passenger) 

tons 

313 100 
395 400 
408 600 
300 000 
394 000 
300 000 
402 000 
460 000 

lb. 

89 200 

84 000 

84 000 

69 200 

88 800 

64 000 

68 920 

79 338 

h.p. 

1 580 

3 7.30 

3 070 

2 500 

3 7/50 

2 500. 

5 000 

4 620 

Ib./h.p. ■ 

66-4 

22- 5 

27-3 

23- 6 

23-6 

25-6 

13-75 

17-1 

■ft. in. 

64 11 

68 2-1 

68 2-i 

52 8“ 

62 8 

51 10 

64 8 

79 6 

db./h,p. 

198 

106 

133 

120 

105 

120 

81 

100 


the rail was free to move laterally except as restrained by 
recording devices located at both ends of every alternate 
tie. The recording device was of the Brinell type. 
Lateral pressure of the wheel flanges as the locomotive 
passed along the rail tended to push the rail outward 
and this, in turn, pressed a hard steel ball against a soft 
steel plate. The size of the indentation gave a measure 
of the flange pressure against the rail. The later types 
of engine also had applied to them other testing devices 
which recorded the lateral pressure at the wheel hubs 
and gave a continuous record of wheel pressures against 
the rails, and still other devices which recorded move¬ 
ment, acceleiation, etc., at various points. Engines so 
equipped were operated between Wilmington and New 
York at speeds up to 90 m.p.h. or more, so as to get all 
available data before the final selection was made of the 
type to be built. 

Extent of Locomotive Development 

The figures in the Table give some idea of the develop¬ 
ment as regards weight, horse-power, etc.., in the Pennsyl¬ 
vania Railroad s electric passenger locomotives over the 
past 30 years. 


OPERATING AND MAINTENANCE ORGANIZATION 
Generally the operation and maintenance of the 
electrification roadway facilities and motive-power equip¬ 
ment have been assimilated into the departments 
handling similar work in steam service, in such a way as 
to keep the costs at a minimum. The motive power is 
operated by crews trained from the roster of former steam 
s^^'dce employees, and maintenance of the motive power 
is handled in each division by the forces under the' 
master mechanic. The roadway facilities are maintained 
in each division by the forces under the division engineer- 
and supervisor of signals. In the operation, of the sub¬ 
station and trolley switching and power supply, however,, 
it has been necessary to set up an organization on 
similar^ lines to the train-dispatching organization. 
Each division^ or zone of the electrification has a power 
director, who is responsible for all switching moves in his. 
territory. The actual operation of the switches is per¬ 
formed remotely from the adjacent signal tower by the 
signalman except where supervisory control has proved 
rnore economical, in which cases control is performed 
directly by the power director. The power directors are 
responsible to the supervisor of signals and are furnished 
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with complete telephone service to all points of control, 
to the train dispatchers, and to all telephone locations 
along the right-of-way. Each power director is equipped 
with a “ model board ” on which the circuits in his area 
are shown in miniature with manually-operated red and 
green lights to show the position of all switching, enabling 
him to know at all times the condition of the circuits and 
thus to act promptly and intelligently. 

In addition it has been found essential to have separate 
centralized supervision over the transmission circuits and 
power supplies, so that switching and manipulation of 
circuits locally will not interfere with inter-divisional 
circuits, and so that the supply of power will be controlled 
economically and effectively over the entire electrifica¬ 
tion. The responsibility for this rests with a system 
load-dispatcher, who is located at Philadelphia and 
reports to the electrical engineer. He is equipped, in a 
manner similar to the power director, with a “ model 
board."’ For his requirements the board indicates all 
power-supply stations, transmission circuits, and sub¬ 
station connections, over the entire electrified area. 
Trolley switching and local circuits are omitted from his 
board. He is connected by a telephone system to all 
power directors and power-supply stations, and has an 
elaborate telemetering system to enable him to follow 
load conditions and division of load among the various 
supply stations. 

TRAFFIC 

Over the present single-phase electrification operated 
by the Pennsylvania Railroad, covering a route of 373 
miles and having 1 343 miles of electrified track, are 
electrically operated daily about 50 freight trains and 
over 650 passenger trains, including 450 multiple-unit 
trains, in and out of the terminals at New York, Phila¬ 
delphia, Baltimore, and Washington. During the year 


ending the 30th June, 1936, this service has produced 
12 145 293 multiple-unit car-miles and 83 330 290 pas¬ 
senger car-miles, with an electric locomotive mileage of 
8 806 376. In freight service over the same period 
2 820 565 000 gross ton-miles were hauled, requir¬ 
ing 2 046 687 electric freight locomotive-miles. Over 
1 000 000 electric locomotive-miles were required for 
switching and other service. The maximum monthly 
mileage made during the year by an electric locomotive 
was 13 696, and the total mileage made by the 58 type 
GGl high-speed passenger locomotives, after averaging 
about 1 year in service, was 6 968 581. To handle the 
a.c. electrified service the electrical energy required for 
the year amounted to 626 870 645 kWh. The maximum 
power required during 1 hour was 142 700 kW. 

CONCLUSION 

Early in its development electrification showed con¬ 
clusively that for handling heavy suburban passenger 
service in and out of terminals in densely-populated 
cities it was the outstanding means of motive power, and 
as experience and familiarity with its use developed it 
became evident that i'fe had extensive possibilities for 
handling heavy passenger and freight service over long 
distances where sufficient traffic existed to justify the 
generation of power in large quantities in central loca¬ 
tions and its distribution electrically to moving trains. 

Over the Pennsylvania Railroad between New York 
and Washington moves some of the densest rail traffic 
in the world, and this is therefore one of the portions of 
the Railroad best suited to the application of electric 
operation. The electrification is now producing sub¬ 
stantial economies over the steam operation which it 
i-eplaced, and is giving the public a faster, better, and 
more reliable service. 
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Specification has been drafted by the Technical Advisory Cornmittc 
of the Radio Manirfacturers’ Association. Its aim is to assist manufacture: 
by suggesting standardized methods of measuring and expressing the overa 
performance of radio receivers. Certain routine tests, such as tests for electrici 
fidelity, low-frequency gam, or electrical output, though they may be usefi 
^erformance'^^’ included because they are not simply related to overa 


(1) Scope and Application 

1.1 This Specification applies to all radio receivers, 
or the radio portion of radio-gramophones, except where 
variable reaction is used. 

1.2 The wave bands considered are from 150 kilo¬ 
cycles per sec. to 30 megacycles per sec. 

1.3 The Specification is framed primarily for open- 
aerial receivers, but frame-aerial receivers may be in¬ 
cluded if the method of input coupling described in the 
following paragraphs 4.1 to 4.3 be substituted wherever 
coupling by dummy aerial is specified. 

(2) Definitions 

2.1 Standard Output: 

The standard output is 50 milliwatts. This shall be 
measured in a non-inductive load connected across the 
output transformer in place of the voice coil or operating 
winding. The resistance of this load shall equal the 
modulus of the voice-coil impedance measured at 
400 cycles per sec. Where outputs other than the 
standard output are quoted they shall be measured in 
the same way. 

2.2 Sensitivity: 

The sensitivity of a radio receiver, intended for use 
with an open aerial, shall be expressed as the input in 
microvolts (absolute) needed to give the standard output. 
The input referred to is the open-circuit voltage generated 
by the signal generator. 

Should it be inconvenient to measure a particular 
receiver at the standard output, this output may be 
increased and the result reduced to conform with the 
definition given above, 

2.3 The sensitivity of a frame-aerial receiver shall be 
expressed as the input in microvolts per metre needed 
to give the standard output. 

Note.—It must be noted that the sensitivity of a frame- 
aerial receiver and of an open-aerial receiver as defined 
above are not strictly comparable as measures of per¬ 
formance. 

2.4 Selectivity: 

The selectivity of a radio receiver is expressed as the 
ratio of an interfering carrier to an adjacent wanted 
carrier to which the set is tuned. The wanted carrier is 
unmodulated and of specified strength, and the inter¬ 
fering signal is modulated and of such a strength as to 
give a specified output at the frequency of this modu¬ 
lation. 
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2.5 Noise: 

The noise of a receiver comprises all frequencies 
present in the output other than the wanted signal and 
mains hum. Noise due to external disturbances is 
excluded. 

2.6 Automatic Volume Control: 

This refers to a carrier-operated device which reduces 
the sensitivity of a receiver as the input increases. The 
performance is expressed as a relation between the 
change of output and the corresponding change of input. 

(3) Apparatus Required 

3.1 Signal Generator: 

Signal generators shall give readings of microvolts 
to nt 10 % up to 10 megacycles per sec. and to ± 25 % 
above 10 megacycles. Their frequency calibration shall 
be within 1 % or within 10 kc. whichever is the greater, 
and incremental frequencies shall be within 0-5 kc.; the 
modulation shall be accurate to within 1/10 of the 
nominal percentage. 

3.2 Dummy Aerial: 

For medium- and long-wave measurements up to 
'2 000 kc. the dummy aerial shall comprise three series 
elements, viz. a resistance of 26 ohms, an inductance of 
20 jjM, and a capacitance of 200 /xp,F. These elements 
shall include the internal impedance of the generator and 
all connections. 

For short-wave measurements above 2 megacycles per 
sec., the dummy aerial shall consist of a 400-ohm series 
resistance, which shall include the impedance of the 
generator and all connections. 

3.3 Shielded Coil: 

This shall be a cylindrical coil, 5 cm. in radius and 
6 cm. deep, wound with 20 turns to an approximate in¬ 
ductance of 40 p-H. The whole coil shall be shielded 
by a wire cage arranged to avoid magnetic screening (i.e. 
there shall be no completed circuits whose planes are 
normal to the axis of the coil). The connecting leads 
shall also be screened. 

<4) Method of Coupling to Frame-Aerial Receivers 

4.1 The signal generator shall be connected to the 
shielded coil specified in 3.3. 

4.2 Either the inductive reactance of the coil shall be 
so large compared with the 1 000 kc. internal impedance 
of the source (say 20 times) that open-circuit conditions 
may be assumed to hold, or a suitable load correction 
shall be applied. 

The coil and frame-aerial shall be co-axial. The 
distance between the geometric centres shall be 2 metres 
•for sensitivity measurements, and shall be varied for 
selectivity measurements as detailed in Section 3, par. 1.3. 

4.3 The field in microvolts per metre at the frame 
■aerial shall be taken as 

18 SOONr^F 
(r2 + D^fl^coL 

where 

V = microvolts indicated by the signal generator. 

N = number of turns on the coil. 


r = radius of the coil in cm. 

D = axial distance in cm. between the geometric 
centres of the coil and the frame aerial. 

L = inductance of the coil in henrys. 

This equation reduces for the coil and distance speci¬ 
fied to 

1-174F 

-= 4 670F// approximately, where / is the 

frequency 

(5) Standard Precautions 

5.1 Before making measurements, the receiver shall 
be fitted in its cabinet, under the conditions in which it 
will normally be used, and switched on for at least half 
an hour. 

5.2 All batteries shall show their nominal operating 
voltages. The internal resistance of the H.T. battery 
shall be increased by adding, in the negative H.T. lead, 
a resistance equal to 1 ohm per cell. Care shall be taken 
to see that the added resistance does not affect the 
grid bias. 

5.3 Mains-operated receivers shall be operated at such 
voltages as the user would be expected to apply ideally. 
In general, where the receiver carries a mains tapping 
device and a number of marked ranges, the applied 
voltage should fall in the middle of one of these ranges, 
the midpoint being calculated as a geometric mean. 

5.4 No adjustments, other than those available to the 
ordinary user, shall be made to a radio receiver during 
the course of these performance tests. 

SECTION 2.—SENSITIVITY 

(1) Method of Measurement 

1.1 Measurements shall be made through the appro¬ 
priate dummy aerial as specified in Section 1. 

1.2 Measurements shall be made at the following 
frequencies, so far as they apply to the particular 
receiver:— 

Long-wave band;—160 kc.; 200 kc.; 300 kc. 

Medium-wave band:—600 kc.; 1 000 kc.; 1 400 kc. 

Short-wave band:—^At one frequency in the middle 

of each of the accepted short-wave bands, which 

are at present as follows:— 

26-6 —25*6 megacycles per sec. 

21 • 55—21 • 46 megacycles per sec. 

17*8 —17*75 megacycles per sec. 

15*35:—15* 11 megacycles per sec. 

11*9 —11 • 7 megacycles per sec. 

9*6 -— 9*5 megacycles per sec. 

6 * 15— 6*0 megacycles per sec. 

The above frequencies shall be modulated at 400 cycles 
per sec. to a depth of 30 %. 

(2) Method of Expressing Results 

2.1 The sensitivity, as defined in Section 1, par. 2.2, 
may be plotted as a smooth curve against frequency, or 
may be given in tabular form at the discrete frequencies 
specified in par. 1.2. 
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2.2 Curves shall be plotted on the following paper:— 

Sensitivity .. Vertical scale, 4.-cycle logarithmic. 

Frequency . . Horizontal scale, 

Long waves: 2 mm. to 10 kc. 

Medium waves: 1 mm. to 10 kc. 

Short waves: Scale to be chosen to suit 
manufacturers’ requirements. 
Heavy vertical lines shall be inter¬ 
calated every centimetre. 

SECTION 3.—SELECTIVITY 
(1) Method of Measurement 

1.1 This measurement applies at present only to 
long- and medium-wave bands, i.e. between 160 kc. and 
2 000 kc. Two similar signal generators shall be con¬ 
nected in series and applied to the receiver through the 
medium- and long-wave dummy aerial. Care shall be 
exercised to ensure that each signal generator functions 
correctly, independently of the series connection, and 
that the requirements specified in Section 1 for the total 
impedance of the dummy aerial are met. 

1.2 When measuring the selectivity of an open-aerial 
receiver, the receiver shall first be tuned to the signal 
generator which is to provide the interfering signal. 
This signal shall be modulated at 400 cycles per sec, to a 
depth of 30 %, and set to a strength of 1 • 0 mV, The 
volume control shall then be set so that the receiver 
delivers one-quarter of its nominal power output. The 
second signal generator, giving the unmodulated wanted 
signal, shall then be switched on and its frequency ad¬ 
justed to that of the first generator by the method of 
zero beat. (For this purpose the modulation may be 
removed from the first generator.) The strength of the 
second signal shall be set to 1 • 0 mV. 

The first (interfering) signal generator shall then be 
detuned by various positive and negative increments, 
beginning at 5 kc., and the strength at each incremental 
measurement so adjusted that the output meter indi¬ 
cates an output of interference 40 db. below the outnut 
power first determined, i.e. below one-quarter of the 
nominal output of the receiver. 

A filter whose characteristics are such as effectively 
to remove all frequencies other than the 400-cycle signal, 
shall be included between the receiver and the output 
meter. 

1.3 For frame-aerial receivers, the method described 
in 1.2 above shall be modified as follows: The two signal 
generators in series shall be coupled to the receiver by 
means of the shielded coil and in the manner specified in 
Section 1, par. 4. The distance between the geometric 
centres of the coil and the aerial should be 2 m. Par¬ 
ticular attention is called to the provision in Section 1, 
par. ^ 4.2, for applying a correction to the generator 
readings when the total internal impedance of the two 
generators in series is appreciable compared with the 
1 000-kc. reactance of the coupling coil. 

The receiver shall first be tuned to the signal generator 
which IS to provide the interfering signal. This signal 
shall be modulated at 400 cycles per sec. to a depth of 
30 % and set to produce a field of 1 mV per metre at the 
frame aemal in accordance with the formula in Section 1, 
par. 4.3. The volume control shall then be so set that 


the receiver delivers one-quarter of its nominal power 
output to the load. The signal-generator output shall 
then be changed to 1 mV and the distance between the 
receiver and the coupling coil reduced until the output 
meter shows that the receiver is again delivering exactly 
the same power, the receiver controls being unaltered. 

The second signal generator, giving the unmodulated 
wanted signal, shall then be switched on and its frequency 
adjusted to that of the first generator by the method of 
zero beat. The strength of this signal shall be set to. 
1 mV. 

The first signal generator shall then be detuned, 
following the procedure of par. 1.2. 

(2) Method of Expressing Results 

2.1 The wanted signal having a strength of 1 mV, the 
selectivity is expressed as the strength in millivolts of 
the unwanted carrier. The selectivity may be expressed 
for increments of 9 kc. from each of the frequencies speci¬ 
fied in 1.2. If the selectivity is different for positive and 
negative increments, the mean shall be given. 

2.2 The selectivity may also be expressed as a family 
of smooth curves, one for each of the frequencies of 1.2, 

The following paper shall be used:— 

Selectivity .. Vertical scale, 

4-cycle logarithmic. 

Frequency .. Horizontal scale, 

(Incremental) 2 mm. to 1 kc. 

Heavy vertical lines intercalated at 
every 5 kc. 

2.3 The output power at which the measurement wa.s 
made shall be stated. 

SECTION 4.—NOISE 

(1) Method of Measurement 

1.1 The noise level of a receiver is defined for the 
purpose of this Specification as the radio-frequency input 
carrier (unmodulated) for which the r.m.s, noise output 
from the receiver is equal to the output given by a 10 % 
modulation of that carrier at 1 500 cycles per sec. 

^ 1.2 The noise level shall be measured at all frequen¬ 
cies at which sensitivity is measured. 

1.3 A signal at one or other of the above frequencies 
sha,ll be applied through the standard dummy aerial. 
This signal shall be modulated at 1 500 cycle.s per sec. 
to a depth of 10 %, and shall be adjusted to such a 
strength that, when the modulation is switched off, the 
output in watts registered by the output meter is halved. 
This input, expressed in microvolts, shall be termed the 
noise level of the receiver. Accurate tuning is essential. 

1.4 The output meter shall include a filter which 
shall effectively remove frequencies of 100 cycles per sec. 
and lower, and the combination shall have a character¬ 
istic which is flat within 2 db. from 500 to 8 000 cycles 
per sec. 

1.5 Where a sensitivity control is provided, it shall 
be set for maximum sensitivity. The position of the 
tone and selectivity controls, where provided, shall be 
stated. 

1.6 It is essential to exclude noises picked up from 
the mams or other external sources. 
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(2) Method of Expressing Results 

2.1 The method of expressing the results is included 
in the definition of 1.1, par. 1, above. 

SECTION 5.—AUTOMATIC VOLUME CONTROL 

(A.V.C.) 

(.1) Method of Measurement 

1.1 A.V.C, performance shall be measured at one 
representative frequency in each of the wave bands 
provided by the receiver. The signal shall be modulated 
at 400 cycles per sec. to a depth of 30 %, and shall be 
applied through the appropriate dummy aerial as 
specified in Section 1. 

1.2 The input shall be adjusted to a value of 1 volt 
and the volume control set so that the receiver delivers 
one-quarter of its nominal power output. 

The input shall then be reduced in suitable steps to 
zero, and the output read on the output meter at each 
step. 

(2) Method of Expressing Results 

2.1 The relation between input and output may be 
plotted as a smooth curve. 

2.2 The following paper shall be used:— 

Output, in watts. . Vertical scale, 4-cycle logarith¬ 
mic, with an auxiliary decibel 
scale. 

Input, in micro- Horizontal scale, 6-cycle logarith- 
volts . . .. mic, with an auxiliary decibel 

scale. 

2.3 Where it is desired to condense the information 
supplied by A.V.C. curves, the mean slope of the curve 
may be quoted. In estimating the average slope, the 
manufacturer shall state the input-voltage limits between 
which the average has been taken. The slope shall be 
stated as the change in input level, expressed in db., 
needed to produce a change of 1 db. in the output. 

PART II. ACOUSTIC TESTS 

SECTION 1.—GENERAL 

(1) Scope and Application 

l.I This Specification applies to all radio receivers 
and electric gramophones, except that receivers using 
variable reaction are excluded. 

(2) Definitions 
2.01 Frequency Response: 

The frequency response of a receiver or gramophone 
is a relation between the intensity level at a specified 
point and the frequency of the audio signal. 

2.02 Intensity Level: 

The intensity level of a signal is its ratio, expressed 
in decibels, to a reference power flow of 10~'® watt 
per cm? This power may be taken as equivalent to a 
pressure of 0 • 000204 dyne per cm? 

2.03 Loudness Level; 

The loudness level of a signal is the intensity level of. 
a 1 000-cycles-per-sec. note which an average listener 


judges to be equally as loud as the signal. Loudness 
level is expressed in phons. 

The following Table shall be taken to represent the 
relation betweeij intensity level and the loudness level 
of a 400-cycles-per-sec. pure tone:— 


Intensity Level, db. 

Loudness Level, 

10 

0 

20 

11 

30 

22-6 

40 

36 

50 

47 

60 

58 

70 

69-5 

80 

80 

90 

91 

100 

99 


2.04 Overall Acoustic Sensitivity: 

The overall acoustic sensitivity of an open aeiial 
receiver is the input in microvolts needed to give a 
loudness level, at a defined point, of 50 phons, the 
carrier being modulated at 400 cj^cles per sec. to a depth 
of 30 %. 

The overall acoustic sensitivity of a frame-aerial 
receiver is the input in mici'ovolts per metre needed to 
give the above output, measured under similar con¬ 
ditions. 


2.05 Distortion Factor: 

For the purposes of this Specification, distortion factor- 
is defined as 

/ 


where is the voltage across the load, representing the- 
voice coil or operating winding, due to the nth harmonic, 
(n = 1 for the fundamental). 

2.06 Total Elarmonic Content: 

The total harmonic content is defined as 



where is the voltage due to the rdh harmonic. 

2.07 Electrical Output: 

Where electrical output is referred to it is to bC' 
measured in a pure resistance load equal to the modulus 
of the 400-cycles-per-sec. impedance of the voice coil or 
opera-ting winding. 

2.08 Free Space Conditions: 

Free space conditions imply- 
. {a) Still air. 

(&) Absence, at all frequencies, of reflected waves. 

(c) No^distortion of the sound field by the micro-.. 
phone. 
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2.09 Commercial Approximation to Free Space Con¬ 
ditions : 

A commercial approximation to free space conditions 
may be obtained out of doors at a considerable distance 
from the ground or other reflecting surfaces, or in a 
heavily damped room. 

The approximation shall be considered satisfactory 
if the results obtained in a damped room do not differ 
by more than 3 db. at any point from those obtained in 
free space. 

The minimum internal volume of the room, after 
treatment, should be 1 000 cu. ft. 

2.10 Hum: 

By hum is meant low-frequency noises due to such 
causes as inadequate filtering of rectified voltages, 
mechanical vibration of mains transformers, etc. Only 
hum traceable to a.c. mains is here considered. Hum 
is expressed as a loudness level in phons. 

(3) Apparatus Required 

3.1 Signal Generator: 

The signal generator used shall give readings of micro¬ 
volts accurate to 20 %. The frequency calibration 
shall be accurate within 20 kc. at 1 000 kc. The per¬ 
centage modulation shall be accurate to within 1/10th 
of the nominal percentage. The total harmonic content 
of the modulation envelope, for the purpose of acoustic 
sensitivity and frequency response measurements, shall 
not exceed^ 5 %. For measurement of acoustic output, 
the distortion factor of the modulated envelope should 
be as small as possible; otherwise the range of acoustic 
output over which the overall distortion factor can be 
measured may be seriously limited. 

3.2 Audio-Frequency Oscillator: 

The audio-frequency oscillator shall be capable of 
giving, in conjunction with the signal generator, the 
requirements stated in par. 3.1. A filter may be used 
to remove the harmonics of 400 cycles per sec. 

3.3 Microphone: 

The^ microphone shall be pressure-operated and shall 
be calibrated in volts per dyne per cm? to an accuracy 
of 10 %. A field calibration is required. 

The voltage output may conveniently be the open- 
circuit output, a suitable correction being applied if the 
microphone is connected to a finite load. 

3.4 Dummy Aerial: 

This shall be the medium- and long-wave dummy 
aerial specified in Part 1 of this Specification. 

3.5 Shielded Coil (for Frame-Aerial Receivers) : 

This coil shall be as specified in Part 1 of this 
Specification. 

(4) Standard Precautions 

4.1 Before making measurements, the receiver shall 
be fitted in its cabinet under the conditions in which it 
will normally be used and shall be switched on for at 
least half an hour. 

4.2 All batteries shall show their nominal operating 
voltages. The internal resistance of the H.T. battery 


shall be increased by adding, in the negative H.T. lead, 
a resistance equal to 1 ohm per cell. 

Care shall be taken to see that the added resistance 
does not affect the grid bias. 

4.3 Mains-operated receivers shall be operated at such 
voltages as the user would be expected to apply ideally. 
In general, where the receiver carries a mains tapping 
device and a number of marked ranges,' the applied 
voltage should fall in the middle of one of these ranges, 
the midpoint being calculated as a geometric mean. 

4.4 No adjustments, other than those available to 
the ordinary user, shall be made to a radio receiver 
during the course of these performance tests. 

SECTION 2.—FREQUENCY RESPONSE 

(1) Conditions of Measurement 

1-1 Measurements shall be made in free space con¬ 
ditions or in the commercial approximation to free space 
conditions defined in Section 1. 

1.2 The frequency response of a gramophone shall be 
measured with calibrated records. 

1.3 The frequency response of an open-aerial radio 
receiver shall be measured with an input of 20 mV at 
1 000 kc. modulated' to a depth of 30 %. The input 
shall be applied through a standard dummy aerial. The 
tone control and variable selectivity control, where pro¬ 
vided, shall be set for maximum high-note response 
unless otherwise stated. 

1.4 The frequency response of a frame-aerial receiver 
shall be measured with an input of 20 mV per metre 
obtained from a shielded coil in the manner specified in 
Section 1, par. 4, of Part 1 of this Specification. The 
tone control and variable selectivity control, where 
provided, shall be set for maximum high-note response 
unless otherwise stated. 

1.5 The power delivered to the voice-coil or operating 
winding shall be set by means of the volume control to 
one-quarter of the nominal power output of the receiver 
at 400 cycles per sec. 

1.6 ■^^ere a receiver is fitted with variable noise 
suppression, the control shall be set at either its maximum 
or its minimum position. 

(2) Method of Measurement 

2.1 The essential elements of the measuring apparatus 
are:— 

(а) A low-frequency oscillator as defined in Section 1 
par. 3.2. 

(б) A microphone as defined in Section 1, par. 3.3. 

(c) (For radio receivers.) A signal generator as defined 
in Section 1, par. 3.1. 

(d) A microphone amplifier and output meter. Results 
shall be corrected to within ^ db. for the freqxiency charac¬ 
teristic of this device and of the microphone. 

(e) (For noisy locations.) A filtering device to elimi¬ 
nate extraneous noises or electrical disturbances. 

2.2 ^ Hand-operated, automatic, or semi-automatic 
recording may be used, provided that all maxima and 
minima are recorded. Stopping the apparatus at any 
one frequency shall not change the registered intensity 
level by more than 2 db. 
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2.3 Two series of measurements shall be made, viz.:— 

{a) On the axis of the speaker, at a distance of 3 ft., 
measured between the plane of the microphone dia¬ 
phragm and the plane of the speaker grille or final 
opening of the cabinet. The plane of the microphone 
diaphragm shall be perpendicular to this axis. 

(6) At a point 45° from the axis, measured in a hori¬ 
zontal plane, at the same distance, defined in a similar 
manner. The plane of the microphone diaphragm shall 
be perpendicular to the line joining microphone and 
speaker. 

Where any difficulty is found in locating the micro¬ 
phone in accordance with the above definition, the 
position adopted shall be clearly described. 

Where the microphone used has no diaphragm, this 
clause shall be interpreted by reference to the conditions 
obtaining during the calibration of the microphone. 

The centre of the speaker shall be at least 3 ft. from 
any boundary. 

(3) Method of Expressing Results 

3.1 Two curves shall be plotted on the same sheet, 
viz. the axial response and the 45° response. 

3.2 The curves shall be plotted on 3-cycle mm. paper. 

The abscissae shall cover a range of 30 to 10 000 cycles 

per sec., but the portion of this available range to be 
plotted for publication is at the discretion of the manu¬ 
facturer. The ordinate scale shall be 2 mm. per db. 

The geometric mean of the measured pressure between 
200 and 600 cycles per sec. (obtainable directly from the 
curve) shall be converted to an intensity level by referring 
it to a pressure of 0 • 000204 dyne per cm? This level 
shall be taken as the 400-cycles-per-sec. intensity level 
and shall be used as the zero line of the curves. 

3.3 Published curves shall bear the following in¬ 
formation ;— 

[a] The position (max. or min.) of the variable noise- 
suppression control where fitted. 

[b) Where gramophone needles are used, the type shall 
be stated. 


SECTION 3.—ACOUSTIC SENSITIVITY 


(1) Conditions and Method of Measurement 

1.1 The acoustic sensitivity is calculated from the 
frequency-response measurements described in Section 2, 
and the electrical sensitivity measurements described in 
Section 2, Part 1, of this Specification. Reference 
should be made to these Sections for the conditions and 
method of measurement. 


(2) Method of Expressing Results 

2.1 The acoustic sensitivity shall be stated for each 
frequency quoted in Part 1, Section 2, par. 1.2. 

2.2 The acoustic sensitivity shall be calculated from 
the following formula:— 




■_ W 

.0-05 X 


where Vj^ = acoustic sensitivity (mV). 
Ve = electrical sensitivity (mV). 


W — 400-cycle power in the load (approx, one- 
quarter of the nominal output). 

/j 7 = 400-cycle intensity level as defined in Sec¬ 
tion 2, par. 3.2. 

Iq ~ 400-cycle intensity level of 53 db., corre¬ 
sponding to an output of 50 phons. 

SECTION 4.—HUM 
(1) Conditions of Measurement 

1.1 Hum measurements shall be made under the 
commercial approximation to free space conditions 
specified in Section 1. 

1.2 Electrical pick-up, and extraneous noises due to 
microphone amplifier, room disturbances, etc., shall be 
at least 5 phons below the lowest hum level to be 
measured. 

1.3 Hum measurements shall be made at an axial 
distance of 12 in. between the diaphragm of the micro¬ 
phone and the grille of the speaker. Where difficulty is 
found in determining this distance, the position chosen 
shall be clearly described. 

1.4 The mains used for the hum measurement shall 
contain approximately 3 % of 5th harmonic. 

One possible method of fulfilling this requirement is 
first to eliminate all harmonics by using a low-pass 
filter, and then, by means of a synchronized motor- 
alternator (or equivalent valve device), to generate the 
necessary 5th harmonic frequency across a low resistance 
inserted in the filtered mains supply. 

(2) Method of Measurement 

2.1 The essential elements of the measuring apparatus 
are;—• 

(а) The calibrated microphone defined in Section 1. 

(б) An amplifier detector system having the following 
characteristic including the microphone frequency- 
calibration :— 


Frequency, 

Gain relative to that 

cycles per sec. 

at 25 cycles per sec. 

25 

0 

50 

-H 12-5 

100 

-h 25 

150 

-f-31-5 

200 

-b 36 

250 

-b 40 

300 

-b 43-5 

400 

-b 48 

500 

H- 51-5 

600 

-b 62-6 

700 

“b 54 

800 

-b 55 

Above 1 000 

Less than — 10 


The figures given in the right-hand column shall be 
subject to a tolerance of 2 db. 

The meter used shall read r.m.s. values. 

2.2 A practical method of realizing the above charac¬ 
teristic is first to build a flat system and then to insert, 
in a suitable part of the amplifier, an equalizer in the 
form of a tee pad, arranged to work between equal 
resistances, J?q. 

The equal series arms of this equalizer are condensers 
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of (398/i?Q) jjiF, and the shunt arm is a resistance of 
0-117i?Q in series with an inductance of 
The characteristic of this equalizer fits the characteristic 
quoted in par. 2.1 with a maximum error of 0-6 db. 

Additional arrangements must be made to remove or 
suppress the frequencies above 800 cycles per sec. 

(3) Method of Expressing Results 

3.1 Hum level shall be expressed in phons by apply¬ 
ing the following formula:— 

i = 65 -f 20 logjQ {V/pq) phons 

where L — required output level. 

V — output voltage of.the amplifier detector. 
p — ratio of volts in the output meter to volts at 
the microphone at 400 cycles per sec. 
q — sensitivity of the microphone in volts per 
, dyne per cm? at 400 cycles per sec. 


SECTION 5.—ACOUSTIC OUTPUT 

(1) Conditions of Measurement 

1.1 For the purposes of this Specification, acoustic 
output is considered in relation to the distortion factor 
of the (electrical) output. No attempt is made to relate 
acoustic output to acoustic distortion because of the 
complexity of the problem and the difficulty of inter¬ 
preting the results. 

1.2 Measurements of overall distortion of an open- 
aerial radio receiver shall be made with an input of 20 mV 
at 1 000 kc, modulated at 400 cycles per sec. to a depth 
of 60 % and applied to the receiver through the standard 
dummy aerial. 

1.3 Measurements of overall distortion of a frame- 
aerial receiver shall be made with an input of 20 mV per 
metre obtained with the aid of the shielded coil a,s speci¬ 
fied in Section 1 of Part I of this Specification. This 
input shall be at 1 000 kc. modulated at 400 cycles per 
sec. to a depth of 60 %. 



It is here assumed that the hum is a freely progressive 
wave remote from its source. The assumption is not 
necessarily valid and the conversion is therefore to be 
regarded as partly conventional. 

The hum quoted for a radio receiver shall be:_ 

{ci) The maximum hum obtainable, without carrier, 
with any setting of the controls; and 

(b) The maximum hum obtainable for any input of 
any carrier between 0 and 1 volt and any setting of the 
controls. 

The hum quoted for a gramophone shall be the 
maximum hum obtainable for any setting of the controls 
as the pick-up traverses a plain-cut 12-in. record. 

In the above clauses, maximum hum shall mean 
maximum deflection of the output meter. 


1.4 ^ Where a variable noise suppression control is 
fitted it shall be set until the sensitivity, as defined in 
Section 2 of Part I of this Specification, is a maximum, 

(2) Method of Measurement 

2.1 In principle, the method of measuring distortion 
is as follows:— 

The output (fundamental -f- harmonics) is first ampli¬ 
fied through an amplifier with a uniform frequency 
characteristic; the harmonic content (the fundamental 
being removed) is then amplified through an amplifier 
whose gain is proportional to frequency. If the ampli- 
■ tude in the first case is E. and in the second E„ the dis- 
tortion factor is given by tlie ratio 

_ A detailed circuit having the required characteristic 
IS given in Figs. 1, 2, 3 and 4. With key 1 in the ” up ” 
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position, the gain of the amplifier is constant for all 
frequencies; in the “ down ” position the gain is pro¬ 
portional to frequency. With key 2 in the " up ” 
position the whole output is measured; in the " down ” 
position the fundamental is suppressed. 


(3) Method of Expressing Results 
3.1 A curve shall be plotted on plain-ruled cm. graph 
paper between acoustic output, expressed as a loudness 
level, and distortion factor. 

Only distortion factors greater than 3 times the dis- 
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Fig. 2. Block schematic of distortion measurements. 


The apparatus is set up as follows:— 

A pure tone from the oscillator is applied to the input 
■of the apparatus through the low-pass filter; with key 2 
” up,” and with the input gain control and attenuator 
in convenient positions, the resistor (Fig. 1) is varied 
until the output reading is the same for both positions 
of key 1. 

The purified input is then applied to the modulator, 
and the output of the receiver is taken to the input of 



Fig, 3.—Low-pass filter for use with distortion-factor meter. 

Element values, limits ±1%. 

Zii = Lia = Lis = Ln = O-OOS H. 

JIi = K 2 = — la-24 %. 

O 21 = C 25 = 0'309 (U.F. 

C 22 = C 24 = 0-022 uF. 
a23 == 0-798 JU.F, 

/o = 500 cycles per sec. foo = 800 cycles per sec. = 800 a. 
Attenuation at 400 cycles per sec. = 2 db. 1 Q of coils 

Attenuation at 800 cycles per sec. = at least 80 db. y = so 

Attenuation at 1 200 cycles per sec. and above = at least 80 db.J approx. 


the distortion-factor apparatus. With the attenuator 
at maximum gain and key 1 “ down,” the input gain 
control is adjusted to give the standard reading on the 
valve voltmeter. Key 1 is then moved “ up,” and the 
attenuator adjusted to give the same reading. If the 
gain given by the attenuator is now 1/x of its original 
value, the distortion factor is lj{2x). The attenuator can 
therefore be calibrated directly in distortion factor. 

Any other apparatus which fulfils the initial require¬ 
ments can, of course, be substituted. 


tortion factor of the modulation envelope of the signal 
generator shall be plotted. 

The distortion factor shall be plotted as ordinate to 
a scale of 1 cm. = 0*01. 

The acoustic output shall be plotted as abscissa, the 
scale being so chosen that a range of about 16 cm, is 
covered. 

The curve may be plotted by taking the 400-cycles-per- 
sec. power, Wj, in the voice-coil or operating winding as 
parameter. The distortion factor corresponding to 
is measured as detailed above, and the acoustic output 


I Tip U f. 



Output 


Fig. 4.—High-pass filter for use with distortion-factor meter. 


Element values, limits ± 1 %. 

Lei =» L 2 b = 0-424 H. On = C 12 = Q 13 = Ou 
L 22 = L 24 = 0-127 H. Cai = Oar, = 0-373 ,J. 
L23= 0-212 H. O 23 = 0-746 jaF. 

fo = 500 cycles per sec. /cq = 400 cycles per sec. 
Attenuation, at and above 800 cycles per sec. is below 1 db.\ 
Attenuation at 400 cycles per sec. = at least 80 db. J 


0-249 mF, 


Rg = 800 a. 

Q of coils 
= 60 approx. 


is calculated from the frequency response measurements 
as follows. The intensity level of the output, 1)^^, is 
calculated from the formula 


■^wi = lw+ lOlog^oiWi/W) 

where Jjp is the 400-cycle intensity level referred to in 
Section 2, and W is the corresponding power in the voice 
coil. This intensity level is then converted to a loudness 
level by means of the Table given in Section 1, par. 2.03. 


INTRODUCTORY REMARKS TO THE DISCUSSION BEFORE THE WIRELESS SECTION 

ON THE ABOVE R.M.A. SPECIFICATION 


By STUART HILL, M.Eng. 


AIM OF THE SPECIFICATION 

Before it is profitable to discuss whether the specifi¬ 
cation now to be considered fulfils its functions, it is 
necessary to define with some nicety its aim, as conceived 
by its compilers, and its relation to the two most inter¬ 
ested parties—^those who make and those who buy. 


Many views were expressed on this subject at an 
Informal Meeting of this Section on the 26th November, 
1935. On that occasion two members of the Technical 
Advisory Committee of the Radio Manufacturers’ Asso¬ 
ciation referred to the present specification, then in 
preparation, and sketched the view which I now wish 
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to make clear. The radio public is of course interested 
in overall performance, and a purchaser will ask his 
dealer such questions as how many stations he can 
receive on an indoor aerial, and whether he can separate 
his favourite foreign station from its neighbours on the 
dial. Quality, he will judge for himself. In all this 
there is no question of phons, decibels, frequencies, or 
other technical matters. We therefore feel that intelli¬ 
gibility to the lay public need not be a primary aim of 
the specification. Indeed, on the principle that “ a 
little knowledge is a dangerous thing,” it is probably best 
that it should be wholly unintelligible to the public. 
Nevertheltys, there is some advantage from the layman's 
point of view in the existence of a standard specification 
for expressing performance, as it makes it just a little 
harder for an unscrupulous manufacturer to mislead a 
purchaser by publishing curves obtained under specially 
favourable conditions. Moreover, although a user may 
not understand the significance of the curves he sees, the 
knowledge that they have been obtained in accordance 
with a specification sponsored by a responsible body may 
serve him as a guarantee of good faith. 

But although the specification may mean little to the 
public, the public must mean everything to the manu¬ 
facturer. However technical the method of expressing 
results, the results expressed must be closely related to 
what the public hears. In this way, a manufacturer 
who obtains an improved performance figure for some 
Item covered by the specification may feel assured that 
his customers will obtain a direct benefit. It is for this 
reason that the specification deals as far as possible with 
overall performance. There are several measurements 
which a design engineer will apply to his product as 
a matter of course—such as electrical response measure- 
ments--for which, however, the specification makes no 
attempt to legislate. The argument is that, from a 
user s point of view, it is a matter of indifference whether 
say, a peculi^ity m the speaker response is compensated 
_ y an adjustment of the electrical response of the 
receiver provided that the overall performance be 
satisfactory. Our standpoint may perhaps be made 
clear by saying that, while not seeking to enlighten 
an actual public, we have continually Laginel our 
specification presented to a Utopian public or an ideal 
purchaser, capable of criticizing it. 

Turning now to the relation of the specification to the 

remembered that it has been 
an t>y manufacturers for manufacturers. It is not 

thn?: ^S'dio profession, but to help 

those who make radio receivers. Without such a spech 

fication It IS not possible for makers to discuss their 

maker's definition 

specification^thP^w^ another's: with such a 

specmcation the way is opened to closer co-onerafinu 

tave to “P “““'actnrers who 

T tenders to governmental or similar bodies 

These bodies have hitherto made their own specScSs' 

Toned ““tytyers have been obligedToSw Tt £ 


will realize how hard it has been to fulfil the aims set out 
above and will view our attempt charitably, Realizing 
that the specification must before all be a practical 
document which manufacturers can apply to existing 
products, we have frequently found it necessary tch 
compromise between the ideal and the realizable. 

SCOPE OF THE SPECIFICATION 

The specification is intended to apply to as wide a 
range of types as possible, but some omissions have been 
inevitable. Thus receivers with variable reaction liave 
been excluded because of the obvious impossibility of 
specifymg exactly how the reaction shall be used. Again, 
when discussing hum the problem of legislating for direct- 
current mains was thought to be too complex to tackle 
at present. Fortunately, the use of alternating-current 
supplies is increasing, so that the omission is not very 
serious. Some of the tests specified are capable of 
extension beyond the scope explicitly mentioned. Thus 
acoustic-response measurements of an amplifier-speaker 
combination might be made in accordance with the 
principles laid down, audio-frequency inputs being sub¬ 
stituted for radio-frequency inputs. The specification 
has been worded so as to be as elastic as possible, but, no 
doubt, cases will arise where it is difficult to interpret. 
In these tyses, we rely on the manufacturer to trim the 
specification to his special needs, keeping as close as 
possible to the spirit of the text. 

^ The specification is presented in two parts: the division 
into electrical tests and acoustic tests is clear enough, but 
the matter goes rather deeper than this. The first part 
deals with well-recognized tests which can be adopted liy 
manufacturers without any revolutionary changes in 
their present practice. The second part deals with tests 
which are more controversial and involve more specialized 
plant and equipment. The parts have been separately 
issued in order that the more dif&cult matters of Part 2 
shall not prejudice the acceptance of Part 1. 


apparatus 

The apparatus called for in the first part of the 

specification is such as all manufacturers are likely to 

possess, and the accuracies imposed are considered to be 

I commercial possibilities. The equipment 

imnor? 7 elaborate, the most 

importan^t item being a heavily damped room. The 

construction of such a room is no easy matter, as there 

seems to be no standard procedure. It was thought at 

one time that the compilers might be able to specify'a 

cW perhaps hive 

done so had it been merely a matter of specifying the size 

ThfexIIS ® damping materials. 

Ihe experience of the various authorities consulted how¬ 
ever, suggested that the structure of the chamber miSIt 

to leSr thfr^?^ therefore deci^d 

Posslwv the .r manufacturer. 

Possibly the present discussion will bring out valuable 

information on this point What is airrieri 

which will ® aimed at is a room 

Which wiU simulate free-space conditions within 2 or 

^ Thtyl as pde a frequency range as possible. 

The choice is ajlin left cpe^s^^hrralfSrs 
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already possessing equipment shall not be obliged to 
change it. In its simplest form, the equipment may 
consist of a microphone, an amplifier, a heterodyne 
oscillator, and an output meter, but some elaboration of 
this basic form is desirable if measurements are to be 
made quickly. A recording drum driven synchronously 
with the heterodyne oscillator is very desirable. The 
, output may then be passed through a logarithmic 
indicator and recorded directly on the drum. Alter¬ 
natively, an attenuator may be used to keep a spot of 
light stationary on a scale, the readings of the attenuator 
being plotted against frequency; but this is a much 
slower process. Whatever method is used it is expected 
to be continuous, so that no sudden changes in output 
are missed. A further elaboration which may be found 
necessary in noisy locations, or where interference is 
troublesome, is a tuning device arranged to suppress 
all frequencies other than that being examined at a 
given instant. 

For hum measurements a " weighted ” amplifier is 
called for, but this should not present any difficulty to a 
well-equipped laboratory. The specification gives the 
constants of an equalizer, simulating the required loud¬ 
ness curve, which can be applied to a " flat ” system. 
Engineers, however, will probably prefer to produce the 
weighted curve in other ways, such as using suitably- 
designed reactive coupling elements between stages. 

ELECTRICAL TESTS 

As it is presumed that those interested have studied 
the actual specification, it will not be necessary to go 
through it in detail, but the following notes on the 
individual sections will perhaps help to make clearer 
what was in the minds of the compilers. An interesting 
omission may perhaps be noted here. No attempt has 
been made to measure second-channel and other similar 
types of interference. The number of such types of 
spurious response is so many that they could hardly be 
dealt with individually, while to omit any one of them 
might lead to a receiver which shone according to the 
specification and was yet more prone to spurious 
response, from the customer's point of view, than another 
receiver which did not pass its tests so well. 

Sensitivity 

The method proposed for expressing sensitivity follows 
existing practice closely. Since a dummy aerial is used 
which may or may not simulate the customer’s aerial, 
the figure obtained is a somewhat conventional one. It 
also suffers from the slight disadvantage that it is 
inverted, i.e. that a greater sensitivity is expressed by 
a smaller number. Nevertheless, the method is thought 
adequate to compare the performances of two receivers, 
or to indicate the success of the designer in covering the 
wave spectrum with uniform sensitivity. 

Selectivity 

Many manufacturers still measure selectivity by 
measuring the increasing input needed to give a 
50-milliwatt output as the receiver is progressively 
detuned. The method proposed, however, although it 
involves two signal generators, has the considerable 
advantage that the conditions obtaining in practice are 
VoL. 81 


more nearly simulated. It is a method, moreover, which 
has been gaining ground for some time past among 
manufacturers. 

Noise 

The method here proposed of measuring noise by 
comparing it with a known single-frequency modulation 
is perhaps rather arbitrary. It is by no means certain 
that a higher noise figure will always correspond to a 
noise of higher “ nuisance value.” Nevertheless, experi¬ 
ence has shown that, applied to an ordinary receiver, it 
gives a fairly good general indication of the noise. It 
will be noted that a 1 500-cycle modulation has been used 
in place of the 400-cycle modulation used everywhere 
else. By using the higher frequency it will not be 
possible to suppress noise at the tone control of the 
receiver, without affecting the 1 500-cycle comparison 
tone to some extent. The figure obtained will therefore 
be more independent of the position of the tone control 
than if the measurement had been made at 400 cycles. 

Automatic Volume Control 

This is a straightforward measurement, closely follow¬ 
ing current practice, and does not seem to call for any 
comment here. 

ACOUSTIC TESTS 

It was pointed out by Dr. Smith-Rose, at the Informal 
Meeting already referred to, that, ideally, all overall 
measurements of a receiver should be framed in acoustic 
terms. This view is in accordance with the aim of this 
specification as already set out, but we feel that to 
cleave too closely to this ideal would lead to practical 
difficulties in the present state of the art. We have, 
however, taken a step towards this goal. Thus we have 
made provision for an overall acoustic-sensitivity test, 
which, apart from the element of vagueness introduced 
by the dummy aerial, comes near to being an “ air-to-air ’ ’ 
test. 

The following notes, amplifying the text of the 
specification, will perhaps bring out our intentions more 
clearly. 

Frequency Response 

Following the plan of making the tests follow as 
closely as possible what the listener hears, the compilers 
gave earnest consideration to a scheme for measuring the 
acoustic-frequency response in a chamber which should 
simulate ordinary living-room conditions. It was de¬ 
cided, however, that the difficulties of specifying the 
room and the correct microphone position in that room 
were almost insuperable, and that the results obtained 
would probably bear no more relation to what a parti¬ 
cular listener might hear than those obtained in the much 
simpler " dead ” room. With some reluctance, then, 
the live room was abandoned in favour of free-space 
conditions, or the more usual dead-room approximation 
to free-space conditions. The two series of measure¬ 
ments, namely axial response and 46° response, are also 
the remnants of a more ambitious scheme, involving 
integrated polar distribution, which was abandoned 
during the Committee’s dehberations on account of the 
labour which such measurements would entail. The 

8 
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plotted curves show the relative response at different 
frequencies, and are also given an absolute significance 
by determining the intensity level of the zero line which 
passes through an averaged point in the neighbourhood 
of 400 cycles per sec. 

Acoustic Sensitivity 

The acoustic sensitivity is a calculated figure, which 
makes use of the 400-cycie intensity level, read from the 
zero line of the response curve, and of the electrical 
sensitivity measurements made in accordance with the 
first part of the specification. The inclusion of such a 
measurement means that manufacturers who go to the 
expense of an efficient loud-speaker may see the improved 
efficiency reflected in an improved sensitivity figure. 

Hum 

The measurement of hum presents special difficulties, 
due partly to the low levels encountered, and partly 
to the shape of the ear sensitivity characteristic at these 
frequencies. The method proposed is an objective 
method which seeks to measure the loudness of the hum 
on the assumption of a normal ear. It is open to the 
logical objection that the correct ear characteristic can 
only be chosen if the loudness to be measured is already 
known, but errors introduced tlorough this cause are 
unlikely to be of any importance. A further theoretical 
objection is that the microphone is placed 12 in. from 
the receiver and therefore is not measuring a freely 
progressive wave as demanded by the theory of the 
calibration. More important than either of these points 
is the difficulty as to choice of mains. It is possible 
that a given receiver may pick up a harmonic of the mains 
supply through stray capacitance, and that the resulting 
noise may be more troublesome than the pure 50-cycle 
or 100-cycle hum. The use of a pure supply might easily 
mask this effect. On the other hand, it is obviously 
impossible to specify an impure supply in any detail. 
The injection of 5th harmonic is an attempted compro¬ 
mise on this point, about which it is hoped to gain 
experience from users of the specification. 

Acoustic Output 

The only ultimate criterion of output is that of notice¬ 
able distortion. Whatever measurements are made to 
determine it should be acoustic measurements, and should 
take account of harmonics and combination tones 
generated in the electrical circuits and in the loud¬ 
speaker. The compilers see no hope of specifying any- 
tlfing useful along these lines at present, and have been 
obliged to measure distortion electrically. The output 
corresponding to any distortion, however, is given 
acoustically. The ideal purchaser to whom reference 
has been made is supposed to choose a degree of distortion 


which he regards as tolerable, and to say “ I can get 
X phons from this particular receiver, after which the 
set will overload electrically.” No guidaxrce can be 
given in choosing his limit of tolerable distortion, partly 
because it is not the function of this specification to fix 
any such limits and partly because in the present state of 
the art we do not know enough about the relation 
between harmonic content and the subjective apjorecia- 
tion of distortion. On this point the present discussion 
should be of considerable value. Although no accurate 
relations between distortion and harmonic production are 
known, there is good evidence that the higher harmonics 
are of more importance than the lower, presumably 
because there is a greater chance of the associated modu¬ 
lation products producing dissonance. For this reason, 
the usual r.m.s. measure of harmonic distortion has beeix 
rejected in favour of a weighted distortion factor, in 
which each harmonic is weighted according to its order, 
e.g. 3rd harmonic is reckoned as 3/2 times as important 
as 2nd harmonic. It is not claimed that this weighting 
is the correct one, but it is suggested that it will be easier 
for workers to base their experience on the weighted than 
on the unweighted factor. Moreover, this particular 
weighting lends itself to a fairly simple measurement by 
comparing the voltage developed across a pure resistance 
with that developed across a reactance which is equivalent 
to it at the fundamental frequency. Since the measure¬ 
ments involve a rather special set-up, the compilers have 
given the user some guidance in the matter by suggesting 
a circuit and specifying the details of the filters. 

CONCLUSION 

The compilers of the specification have applied the 
various tests to their own products and have obtained 
satisfactory agreement between measurements made on 
the same receivers in different factories. Satisfactory 
agreement has also been obtained between response curves 
obtained in various damped rooms and in the open air. 
It is hoped, therefore, that the specification, though 
necessarily imperfect, is a practical document which 
manufacturers can safely apply and on which govern¬ 
mental and other bodies may reasonably be expected to 
base their requirements. 

It is not intended that the provisions of the specifica¬ 
tion shall be final, but rather that there shall be a period 
of probation, during which experience is accumulated 
by those who use it. It is hoped that manufacturers 
will co-operate in following the specification as closely 
as possible, for otherwise there can be no improvement. 
It is also hoped that when the compilers next meet to 
review and revise their work, they will be able to incor¬ 
porate ideas brought forward during the present 
discussion. 


DISCUSSION BEFORE THE WIRELESS SECTION, 3RD FEBRUARY, 1937 


Dr. R. L. Smith-Rose t In Mr. Hill’s introductory 
reraarlcs it is stressed that the specification has been 
prepared by manufacturers for manufacturers. What is 
ultimately required, however, is an agreed specification, 
prepared by a representative body of not only manu¬ 
facturers but also users and any independent authorities; 


in fact, we want a Standard Specification, possibly of the 
present type but sponsored by an independent responsible 
body. When I raised this matter at the discussion on 
Mr. Thomas’s paper* in 1932, it appeared that my sug¬ 
gestion was. a little premature. I am going to suggest 
* Journal I.E.E., 1932, vol. 71, p. 128. 
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that the time for the'preparation of a Standard Specifica¬ 
tion has now arrived, seeing that the technique of broad¬ 
casting-receiver development has reached a more or less 
stable condition, particularly as regards the long- and 
medium-wave broadcast bands. Mr. Hill's, remarks 
contain no indication that a Standard Specification is 
contemplated by the R.M.A., and his final sentences 
envisage the fact that, after accepting the criticism which 
this meeting and other publicity given to the specifica¬ 
tion may produce, the manufacturers will theinselves 
consider whether it will be necessary for them to review 
and revise their own work. It is therefore for the 
manufacturers to take the initiative in this matter, and 
make a definite approach to the British Standards 
Institution. 

Mr. M. G. Scroggie: With regard to what Dr. Smith- 
Rose has said about the proposed specification being 
sponsored by an official, independent body, it would be 
necessary to see that this proposal did not lead to undue 
delay. Some years ago, when ebonite panels were being 
standardized, by the time the specification was finished 
ebonite panels had long since become obsolete. 

Referring to Part I, Section 2, paragraph 1.2 (long- 
waveband sensitivity measurements), I deprecate the 
choice of 200 kc. as a measuring frequency, because, 
unless one makes the measurements in a screened room, 
Droitwich is liable to leak through sufficiently to intro¬ 
duce difficulties owing to beat notes.. The frequencies I 
have found most suitable in practice are 175, 225, and 
276 kc., and these have the advantage of being evenly 
spaced over the scale. As regards the method of ex¬ 
pressing the sensitivity results (paragraph 2.1), I take 
it that if a smooth curve is plotted the three specified 
points will not be assumed to be adequate data for the 
purpose. 

In Part I, Section 3, of the specification it is stated 
" this measurement applies at present only to long- and 
medium-wave bands." Is there any practical objection 
to applying it to short-wave bands ? I take it that it is 
intended later to extend this work more fully to those 
bands. I should like to suggest that it is better to 
express the results of selectivity measurements in 
decibels, instead of as “ the strength in millivolts of 
the unwanted carrier," Decibels are more appropriate, 
seeing that selectivit}?- is essentially a ratio; and this is 
implied by specifying 40 db. in paragraph 1,2. An addi¬ 
tional reason is that the output power specified for this 
measurement is different from that for sensitivity. 

In Part I, Section 4, paragraph (1.1), it is stated that 
the r.m.s. noise output is measured. I think that in 
almost all cases a metal-rectifier output meter is used, 
which of course does not measure r.m.s. values, and the 
error in the case of wave-forms such as are in view is 
considerable. In paragraph 1.4, why is 100 cycles per sec. 
selected for the filter ? If it is to remove hum, this fre¬ 
quency is too low to do so effectively. 

With regard to automatic volume control, the method 
described is open to the objection that if one starts with 
the maximum signal at 1 volt (incidentally, not all 
modern generators give a full volt), adjusting the output 
to a quarter of the nominal power output, the outputs at 
the smaller signals may be too small to measure; and 
this region of the curve may be important. Also the. 


method fails to show whether the delay voltage is correct. 
The method that I have adopted is to begin with the 
smallest signal, with the volume control at maximum. 
Then, when the output reaches such a point that over¬ 
loading is within sight, e.g. at one-quarter of the nominal 
output, the volume control is turned down until the out¬ 
put reading is reduced, to one-tenth. If necessary, the 
process is repeated at a still higher signal voltage. This 
method sometimes gives apparent output figures con¬ 
siderably in excess of the nominal output for the receiver, 
which is an indication that the delay voltage is excessive. 
I think this point is rather important, because the ease 
of handling of the volume control depends very much on 
the range of volume available being correct. 

I see there is no reference in the paper to quiet auto¬ 
matic volume control (Q.A.V.C.). I take it that the same 
method would be used, but I should point out that it 
is necessary, in plotting a curve of Q.A.V.C., to take it 
both with increasing and with decreasing inputs, because 
sometimes the curve forms a loop. The specimen curve* 
obviously shows the ordinate scale in volts instead of 
watts as specified. 

With regard to Part II, in Section 1 it might be desirable 
to correct the expression " equally as loud as the signal,” 
which is not good English. Also, with regard to the 
words " a note which an average listener judges to be 
equally as loud as the signal,” surely this is a matter of 
enormous difficulty. If one has to compare a note of 
1 000 cycles with one of, say, 60 or 5 000 cycles, it is 
almost impossible to judge even approximate equality of 
loudness. 

I am glad to see that a real attempt has been made to 
tackle the measurement of hum. I also notice that Mr. 
Hill realizes the difficulties, e.g. that appamtus which 
works perfectly quietly on mains in one area may emit 
an intolerable hum elsewhere. 

With regard to the measurement of acoustic output, it 
is difficult to comment on this in the absence of practical 
experience, but the specification seems to embody a 
courageous attempt to solve an extremely difficult 
problem. One realizes this when even the somewhat 
complicated method described yields only very partial 
data. The curves ought really to be extended to several 
other degrees of freedom—^the whole audio-frequency 
scale instead of one point; the whole range of modulation 
depth instead of one point; and actual (reactive) loads 
instead of an artificial load. All this would naturally 
make the work far too laborious for practical purposes. 

Dr. S. Whitehead: I should like first to refer to one 
or two details of technique in respect of which the 
specification may require modification. 

The use of two signal generators in series involves some 
care, and the American specification—^rightly, I think— 
leaves a good deal to the judgment of the operator. The 
British specification is more detailed, to the point of 
being somewhat restrictive, without dealing with all the 
difficulties which may beset the inexperienced. At the 
higher-frequency end of the band covered, the shielded- 
inductor method may be troublesome. Precision field- 
strength sets usually employ a direct coupling, but even 
so do not give very good comparisons. The E.R.A. 
have found it convenient to employ the radiation field 

* Not reproduced in the Journal. 
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of a loop carrying a known current for the calibration of 
receivers with frame aerials at higher frequencies. 

The possibility of avoiding the 1 500-cycle reference 
tone in addition to the 400-cycle reference frequency 
which itself iSj I believe, mainly confined to radio¬ 
receiver practice, is deserving of consideration. The 
difference between the C.C.I. standard frequency of 
800 cycles per sec. and the acoustic reference frequency 
of 1 000 is unfortunate, and any simplification of 
standards in other fields would assist the attainment of a 
single ultimate standard tone. Similar considerations 
apply to the assessment of a complex wave. Different 
circumstances require different types of weighting for. 
various components, but in the absence of a comprehen¬ 
sive statistical analysis for the specific problem (such as 
the psophometric voltage defined for telephone practice 
by the C.C.I.) it would seem better to select such of the 
existing well-known weighting curves, of which there are 
several, as seems the most appropriate. For example, 
the weighting curve for measuring hum in the present 
specification corresponds closely to that adopted by the 
C.C.I. for disturbance to broadcast transmission over 
telephone channels, except that the curve for hum cuts 
off at 800 cycles per sec. Again, distortion appears to be 
assessed both by the “ harmonic content,” which is the 
same as the ” harmonic residue,” a term now'’ of some 
years' standing, and also by a weighting proportional to 
frequency. The distortion of the electric supply is 
represented by the addition of 3 per cent 5th harmonic, 
which is somewhat arbitrary in -view of the amount of 
work that has recently been carried out on this subject 
in Europe and America and in which the commoner types 
of distortion have been analysed and to some extent 
defined. One might en-visage the expression of com¬ 
ponent quantities in such a way that they would repre¬ 
sent a simple subtraction from or addition to the fideli’ty 
of the transmission as a whole, so that the special and 
subjective features of this particular service would be 
included in a single unit to which others could be related, 
as is attempted in telephone practice. Be this as it may, 
the question of appropriate standards supports the later 
intervention of the B.S.I., suggested by Dr. Smith-Rose, 
since the B.S.I. acts as the National Committee of the 
I.E.C., which, as a standardizing body, is attempting to 
organize some international agreement in the definition 
of acoustical and associated quantities, which are 
becoming of such importance in electrical engineering. 

Finally, I hope that a section on the assessment and 
reduction of the liability of a receiver to interference will 
later be included in the specification. Screening, mains 
filters, design of aerials and earths, and many other 
features, can serve to reduce interference. At a time 
when specifications are in preparation for the reduction 
of interference from electric appliances and plant, cor¬ 
responding directions to the users of this specification 
would have a valuable influence. Whatever the eventual 
amelioration of the situation may be by other means, it is 
probable that appropriate measures at the receiver will 
be necessary in some unfavourable cases, where the full 
advantageis desired to be taken of the progress inreceiver 
performance, a progress to which this specification is 
itself a witness. 

Mr. E. L. E. Pawley: It is an unfortunate fact that 


many listeners are quite as happy with very bad quality 
as they are with technically excellent quality. I think 
w'-e must admit, however, that a discriminating listener 
has a right to a receiver which will come up to his re¬ 
quirements, and that all manufacturers would like to be 
in a position to say amongst themselves whether or not 
their receivers fulfil those requirements. 

The ideal solution of the problem is to relate the radio¬ 
frequency energy in the aerial to the acoustic effect on 
the listener’s ear, because his ear and the corresponding 
effect on Iris brain are the only things that ultimately 
ma-tfcer. There are, however, two very great difficulties 
in making these acoustic tests. One is the cost of the 
damped room, which may have been rather under¬ 
estimated, because it is difficult to construct a satis¬ 
factory damped room for measurements going down to 
150 cycles, and to get down to 30 cycles is extremely 
expensive, if not impossible. The other point is that it 
is necessary to allow for the acoustics of the listener’s 
room, which are in general not known. This is par¬ 
ticularly difficult in the case of broadcasting receivers 
used in schools, where there is a considerable distance 
between the listeners and the loud-speaker, and the pro¬ 
portion of reverberant to direct sound is unusually high ; 
and consequently the total spherical output of the loud¬ 
speaker may be considerably more important than the 
output in one particular direction. The specification 
tries to get over this difficulty by stating that the out¬ 
put shall be measured in two different directions, namely 
one along the axis and another at an angle of 45° to it; 
but I am not sure that this provision will be adequate 
to cope -with cases, such as I have mentioned, of broad¬ 
cast receivers for use in schools. 

It is interesting to compare the methods given in the 
specification -with a method which has lately appeared in 
one of the French technical papers, and a similar one 
which has recently appeared in the German technical 
Press. In general the fundamental theory is very 
similar, but I have noticed one or two differences. In 
the first place, the average listening level for the sensi¬ 
tivity tests is taken in both the foreign methods as 
between 60 and 74 phons, whereas the R.M.A. specifica¬ 
tion mentions 50 phons. Another point is that the 
depth of modulation which is taken as standard in the 
R.M.A. method is 30 per cent, whereas the French prefer 
to use 80 per cent—^probably unwisely 1 

There is one respect in which the specification might 
possibly be simplified. The formula given in Part II, 
Section 3, for converting the measurement of electrical 
sensiti’vi’ty into the figure for acoustic sensitivity is not 
quite the sort of thing which the average engineer would 
use if he could help it. Would it not be very much 
simpler for the average man who is maldng a test on a 
broadcast receiver just to repeat a portion of the fre¬ 
quency curve under the conditions which are specified 
for the measurement of sensiti’vity, so that at one stroke 
he gets a final figure for the result instead of having to 
combine together three different factors in order to arrive 
at it ? 

I should welcome some more definite recommendations 
on several important subjects which are not adequately 
treated in the specification. The first is second-channel 
interference, which can be very important, especially in 
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short-wave reception. The second is the possibility of 
non-linear distortion in the loud-speaker, which is not 
covered because it is very difficult to measure. I feel, 
however, that an attempt should be made to include it, 
bearing in mind the possibility of difference-tones and 
modulation products being actually of more importance 
than the harmonics which are measured in accordance 
with the specification. The third is the stability of the 
receiver and the accuracy of the frequency calibration. 

There must be a certain reluctance to specify 
definite limits for individual characteristics when the 
overall performance of a receiver is an unknown com¬ 
bination of them, but I think we can assume that if all 
the receivers produced conform in every respect to a 
certain specification, and if we can say that 99-9 per 
cent of the people who purchase them and use them in 
their rooms, whatever they may be like, are satisfied, 
then we may consider that the specification is a satis¬ 
factory one. 

Dr. L. E. C. Hughes: The figure of 50 milliwatts for 
the standard output seems low for present-day broad¬ 
cast receivers, battery sets with an output as low as 
400 milliwatts being rare. Also the output impedance 
of the signal generator is assumed to be so low that the 
output voltage in the specified measurements is inde¬ 
pendent of the impedance 'of the load. In rating the 
power output of radio receivers, what percentage har¬ 
monic distortion is taken ? In Class-B battery sets the 
harmonic distortion generally drops to a minimum which 
may be greater than the accepted harmonic distortion 
for rating purposes. 

In measuring receiver noise the output meter must be 
a square-law rectifier for the specified indications to be 
made. If the meter is of the metal-oxide rectifier type, 
which indicates the average of an applied wave-form, the 
indication with the two powers, one a 1 600-cycle tone 
and the other random noise, may not be the sum of the 
two powers measured separately. A simple calibration 
or calculation will, however, obviate this disadvantage. 
The zero of the British Standard phon scale is 0-200 
millidyne (r.m.s.); the American standard is 0*204, but 
the difference is acoustically negligible. The level to be 
taken, i.e. 60 phons, is certainly too low. The level of 
my lecturing voice (average continuous r.m.s.) in a 
medium-sized classroom is about 84 phons, the occasional 
peaks reaching 91 phons. Allowing only 10 db. drop for 
a conversational level, this agrees with the figure (74 
phons) given by the German specification as representa¬ 
tive. With the normal technique of control, music will 
probably rise occasionally to 80 phons, which is not 
unreasonably representative of a large orchestra. The 
distortion factor, in taking into account the order of the 
harmonic, is a great improvement and will indicate a 
truer measure of amplitude distortion experienced with 
Class-B and pentode output stages, the use of which has 
greatly deteriorated the general average of reproduction 
obtained nowadays. 

A more convenient way of expressing the amplitude 
distortion is to use the number of decibels the weighted 
power of the harmonics is below the wanted fundamental. 
This is representative of the blur level, i.e. the level of 
those alien frequencies which blur the required fre¬ 
quencies. The blur levels so obtained could then be 


compared with the levels obtained subjectively with other 
types of blur, such as are provided by reverberation. 
The extent to which a given distortion factor or blur level 
degrades the quality of reproduced sound can only be 
learned by subjective tests. Insuf&cient tests have been 
made to indicate the relative amount of the several 
classes of blur which are just detectable, or how much 
of one is equivalent to a given amount of another. 

With regard to the radiation of sound from a loud¬ 
speaker, some experiments I made 10 years ago indicated 
that the response of a coil-driven cone mounted in a large 
baffle in a direction making 46° to the axis is substantially 
equal, .within a few decibels, to the mean spherical 
response, which determines the average reverberant 
intensity in an enclosure and which determines the loud¬ 
ness except in the vicinity of the loud-speaker and for 
high frequencies, which are sharply focused into a beam. 
In expressing response curves, the ratio of the scales 
should be stated so that one can learn the meaning of 
response shapes by experience; 20 db. per cycle (i.e. a 
frequency multiple of 10) is convenient and is not 
acoustically misleading. 

The Apparatus Approval Sub-Committee of the 
Central Council for School Broadcasting agrees with me 
that the ultimate test is a listening test under standard 
conditions, but appreciates the present specification as 
providing data, when it is used, respecting the standard 
to be expected in receivers for school purposes. It is 
unfortunate that the public never has the opportunity 
of hearing radio receivers under standard and strictly 
comparable conditions, so as to assess practical values. 
It is hoped that the application of the specified tests will 
indicate in some way a new commercial valuation of radio 
receivers for broadcasting. 

Mr. C. N. Smyth: While I am appreciative of the 
value of the specification I am not quite certain that the 
tests for selectivity and sensitivity bear the simplest 
possible relationship to what the user hears, and I wish 
to suggest two small modifications which I think would 
overcome any criticism. 

First, if according to the specification the sensitivity 
of a receiver is 1 or 2 microvolts the application of sucli 
a signal to the receiver might reasonably be expected to 
be able to produce an audible and intelligible output; 
but I do not think that in every case it would, because 
60 milliwatts is frequently too small in comparison with 
the noise level of the receiver, or the input is too far 
below the level at which the muting action is released. 
I would prefer for these reasons to see the sensitivity 
measured as the input required to produce one-quarter 
or one-half the maximum rated output of the apparatus. 

Secondly, with regard to the measurement of selectivity, 
in the past engineers have had to contend with four 
difficulties; (a) During the period of measurement the 
detector was not operating under the conditions ob¬ 
taining in practice. (&) The A.V.C. action was liable 
to influence the results, (c) The audio-frequency filter¬ 
ing in the receiver was not taken into account in the 
measurement, {d) Effects of loud-speaker response on 
the effective selectivity were not included. Part 1 of 
the specification is not concerned with acoustic tests, and 
the new method of measurement overcomes the diffi¬ 
culties under (a) and (&) but does not take into con- 
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sideration the fidelity of the audio-frequency stages of a 
receiver, where an appreciable fraction of the selectivity 
of a modern receiver is frequently located. I think, 
therefore, that it would be better, when measuring 
selectivity in the manner described in the specification, 
to have both signal generators unmodulated and to obtain 
the standard output at the frequency of the beat note 
between the two incoming signals, rather than to 
measure onty the cross-modulation component. 

Mr. A. J. Gill: I quite agree with Dr. Smith-Rose 
that what we must ultimately hope for is a British 
Standard Specification. The subject of this discussion is 
" A Specification for Testing and Expressing the Overall 
Performance of Radio Receivers,” and it really only 
applies to one special type of radio receiver, namely a 
sound-programme receiver. Mr. Hill hopes that the 
specification will be used by Government Departments; 
but the specification only specifies the selectivity 
between 150 and 2 000 kc., i.e. in the broadcast band, 
and Government Departments do not buy large numbers 
of broadcast receivers. Also in Part I, Section 2, it 
is said that measurements shall be made " at one 
frequency in the middle of each of the accepted short¬ 
wave bands.” I would point out that the bands quoted 
in the specification are accepted for broadcasting only. 

There is apparently nothing in the specification which 
calls for measurements to be made, on superheterod 3 me 
receivers, at the intermediate sideband frequency. The 
curves only show a frequency about 15 kc. off the 
carrier for the maximum measurement. Some measure¬ 
ment ought to be made on superheterodjme receivers 
at the intermediate frequency, because I have known 
such receivers to be useless owing to the fact that 
an intermediate frequency had been selected which 
happened to coincide with the carrier frequency of some 
powerful station, and, as these sets were insufficiently 
screened, that frequency went through and swamped the 
rest of the output. 

With regard to the remarks that have been made about 
measurements in reverberant rooms, one cannot blame a 
loudspeaker for imperfect performance in a reverberant 
room, and while we have reverberant rooms we shall have 
to put up with this difficulty. After all, we tolerate 
speech and music originating in such rooms, although 
such sounds must also be subject to distortion due to 
reverberation. 

Mr, R, M. Barnard: The specification does not 
mention methods of measuring phase-shift. This 
measurement is important for two reasons: First, the 
output of a radio i-eceiver which is used for sound repro¬ 
duction always contains a certain amount of harmonics, 
and the importance of these harmonics depends to a 
certain extent on their relative phase. Secondly, in 
receivers for television purposes (presumably the speci¬ 
fication would cover that type of receiver) phase is of 
very great importance, and I think that in a future 
edition of the specification a method should be sug¬ 
gested whereby the phase-shift through a radio receiver 
could be measured, particularly over the frequency band 
required for television. 

A method of measuring phase-shift has been described 
by Peterson, Kreer, and Ware,* but in their case the 

* Bell System Technical Journal, 1934, vol. 13, p. 080. 


phase-shift had only to be measured at one frequency; 
that is to say, it was only the comparatively simple 
problem of measuring phase-shift through an amplifier. 
In the case of a radio receiver the problem is considerably 
more difficult because this incorporates a frequency- 
changing valve, which, in theory, produces an output 
containing frequencies of the same relative phase as the 
original sidebands. 

I think that in addition a figure should be suggested 
for the degree of phase-shift that is permissible through 
various types of radio receiver, depending on the purpose 
for which each is intended. 

Mr. W. K. Alford: I have been asked to make a few 
remarks on the general attitude of the Army Signals 
authorities to the application of the specification. 

After examining it fairly comprehensively we find we 
can give it our general approval. Unfortunately, a 
specification must be a very powerful weapon for both 
the Army authorities and the manufacturers, but it is 
the desire of the former that it should be a means of 
bridging over the difficulties which lie between the pro¬ 
duction as understood by the manufacturers and the special 
requirements which the Army must, of necessity, call for. 

As regards selectivity, the Army requirements are 
vastly different from those necessary for ordinary broad¬ 
cast reception, and we should require a much firmer 
qualification of the conditions of selectivity as outlined 
in the specification. In other words, we should call for 
a specification of the " cut-off ” slope of the resonance 
curves in some arbitrary units such as decibels per kilo¬ 
cycle per sec., and we should require to know what 
happens outside the immediate neighbourhood of the 
resonance region. Further, the use of two signal- 
generators for the determination of selectivity would not 
be viewed with approval by the Army authorities. 
Another important point which would require attention 
is that a figure of sensitivity and selectivity would have 
to be arrived at for C.W. working as distinct from radio¬ 
telephony . As regards second-channel and other spurious 
forms of interference, here again considerable care is called 
for in drawing up the specification so that these points 
may be adequately covered. This matter assumes con¬ 
siderably greater significance when it is realized that in 
the future the use of the double superheterodyne will 
probably become more common, and in such a circuit 
there are great possibilities of a multiplication of spurious 
heterodyne frequencies. Frequency stability (particu¬ 
larly high-frequency) would also require qualification. 
Army -wireless receivers are in most cases battery-driven, 
and most careful scrutiny is required to see that complete 
stability of performance is assured under all conditions. 
The calibration accuracy must be of the highest order 
for signalling purposes, and a definite standard of 
accuracy of calibration would be called for and expected. 

Mr. Charles Holt Smith: The first thing that strikes 
me in reading this specification is the indecision regard¬ 
ing the accuracy with which the measurements are to be 
made. For example, in Part I a signal generator is 
called for with an accuracy of ± 10 per cent, whereas in 
Paid II a signal generator is required of an accuracy of 
± 20 percent. Also in Part II, Section 1, a microphone 
is required to be calibrated to an accuracy of 10 per cent, 
whereas in Section 2 it is stated that the microphone in 
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conjunction with an amplifier should be accurate to 
0-5 db., i.e. 5 per cent. Again, in Part I we find that 
when we are measuring the sensitivity of a frame-aerial 
receiver the coupling coil which is placed near the centre 
of the frame must have an impedance of, say, 20 times 
the open-circuit impedance of the signal generator; 
remembering that the output impedance will be resistive, 
this imposes an accuracy of per cent. In the same 
paragraph a statement occurs with which I cannot agree. 
It reads: “It is essential that the shunt capacitance re¬ 
actance of the coil and its connections shall be large com¬ 
pared with the inductive reactance." To get a minimum 
of error, that shunt capacitance reactance must be equal 
in magnitude to the inductive reactance. In fact, so long 
as the shunt capacitance reactance is not less than half 
the inductive reactance the error will be no greater than 
it would be if there were no shunt capacitance there 
at all. 

Again, when making distortion measurements we are 
instructed to insert a filter between the audio-frequency 
oscillator and the modulator. The performance of the 
filter is specified to be such that the second harmonic of 
the oscillator is attenuated by at least 80 db. Since the 
second-harmonic level in the oscillator output circuit can 
hardly fail to be less than — 20 db. relative to the funda¬ 
mental, the overall accuracy is in tins case, by implication, 
0-001 per cent! 

I should like to express regret that the term “ auto¬ 
matic volume control" has been perpetuated in the 
specification. “ Automatic gain control ” is more pre¬ 
cise, I consider. 

With regard to the distortion factor (Part II, Section 1), 
I should like to ask for an explanation of the factor I- 
which multiplies the expression defining this factor. 

Finally, Part II, Section 5, states “ A curve shall 
be plotted on plain-ruled cm. graph paper between 
acoustic output, expressed as a loudness level, and dis¬ 
tortion factor.” Unfortunately, however, the curve 
given at the end of the specification expresses an intensity 
level instead of a loudness level. I should like to know 
which one of these results really should be expressed. I 
notice that these tests should be made with a modulation 
percentage of 60, a figure which I regard as undesirably 
low. It would, for example, fail to reveal the obvious 
superiority of a diode as compared with a leaky-grid 
detector. 

Mr. E. W. D. Negus: I do not consider that the 
specification covers every measurement necessary for a 
complete Imowledge of a radio receiver, and I think that 
the methods of making measurements should be laid 
down very precisely. For example, I should like to see 
the measurement of padding errors included in the 
specification. One of the dif&culties encountered when 
taking padding curves is the necessity to tune a circuit 
which has an asymmetric response. There are various 
ways of tuning such a circuit, but all are compromises. 
The thought induced by new methods of measurement 
may lead to considerable improvements, and the time 
would appear to be ripe for a series of carefully-prepared 
discussions upon the difficulties met with in making 
certain measurements, because it is apparent that few 
workers assess the same circuit in the same way. 

For the measurement of selectivity I agree with Mr. 


Alford that it is undesirable for many reasons to use two 
standard signal-generators. Selectivity is required in a 
receiver to stop an unwanted station interfering with a 
wanted station, and the interference obtained I divide 
into two sections. One I call " side-band splash,” and 
this occurs at frequencies from 1 000 to 3 500 cycles per 
sec. The other, for which I reserve the name “ monkey 
chatter," occurs round about 600 cycles per sec. This is 
a purely personal division, which I have not seen stated 
previously. Comments on it would therefore be in¬ 
teresting. 

Mr. Scroggie objected to the use of 200 kc. as one of 
the measuring frequencies, because he had met with 
interference from Droitwich; I would inform him that 
I have had no difiiculty at all wdth interference from 
Droitwich at a place where the field-strength measured 
in the open is 20 millivolts per metre. 

Mr. S. Hill {in reply)-. I agree with Dr. Smith-Rose 
that the time is ripe for a comprehensive specification 
sponsored by the British Standards Institution. The 
Radio Manufacturers' Association has borne this in mind 
and intends, when satisfied that the present specification 
has reached a stable form, to present it to the B.S.I. as 
the basis for such a comprehensive specification. Mr. 
Scroggie thinks that this work is lilrely to take a long 
time. -This is a good reason for issuing the R.M.A. 
specification immediately so as to tide over the period of 
delay. 

Mr. Scroggie notes that difficulties may arise with the 
200-kc. measurement. It is expected that where such 
difficulties arise the manufacturer will find a solution 
which adheres to the spirit of the specification. In this 
instance a note will be added permitting the use of con¬ 
venient adjacent frequencies. Where a smooth curve is 
drawn, additional frequencies must be used in any case, 
and the difficulty hardly arises. 

The reason for limiting certain measurements to long 
and medium wave-bands is that the technique of short- 
wmve measurements and the apparatus available were not 
considered to be sufficiently advanced at present. It may 
be feasible to include short waves in later issues. 

The suggestion for measuring selectivity in decibels is 
quite sound, although it is perhaps open to the logical 
objection that decibels imply, by definition, a ratio of 
power, whereas we are here concerned with voltages only, 
the input impedance not being explicitly concerned. 
However, the defiinition given was thought to be more 
acceptable to manufacturers and also to bear the simplest 
relation to what interests the user, namely the strength 
of interfering signal which can be tolerated without 
audible confusion. 

The point about the use of an r.m.s. meter for noise 
measurement is also sound. The definition really im¬ 
plies the use of such a meter, but in case of hardship the 
use of a rectifier instrument would be tolerated as not 
lilcely to introduce serious error. 

It is agreed that there may be appreciable audible 
components of hum above 100 cycles per sec., but it is 
highly improbable that these would affect the meter 
visibly. 

In his remarks on A.V.C. and Q.A.V.C., Mr. Scroggie 
opens a controversial question. The A.V.C. test quoted 
was primarily framed to cover the performance of an 
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A.V.C. system under the conditions which most often 
apply, viz. the reception of signals of the order of 1 mV, 
which will be attractive by being free from interference, 
but may be marred by fading. Any test intended to 
cover all the design points would have to go much further 
even than Mr. Scroggie’s suggestion. The form of curve 
suggested by Mr, Scroggie has been considered but is felt 
to be open to objection. Admittedly the R.M.A. test 
calls for the measurement of a smaller output (though it 
is of the same order as that given by the proposed 
method), but both methods necessarily lead to a range of 
outputs which is too wide to be measured on a single 
instrument. The R.M.A. prefers to extend the range of 
the meter by the conventional method of scale multi¬ 
pliers, believing this to be much less vague than the pro¬ 
cess of resetting the receiver controls advocated by Mr. 
Scroggie. The point about the 1-volt output of signal 
generators is worth further consideration. 

No test is proposed for Q.A.V.C., because this is only 
one of several methods used to achieve " quiet tuning.” 
Other common methods are the use of limitation of the 
ultimate sensitivity, and the use of muting circuits con¬ 
trolled by selective discriminating circuits; there are also 
various mechanical methods. It would be difficult to 
devise tests which would distinguish these devices from 
the user’s point of view, and the Committee therefore 
preferred to concentrate on tests directed towards the 
more important parameters of the receiver. 

The specimen A.V.C. curve should, for consistency’s 
sake, show an ordinate scale of watts, as Mr. Scroggie 
suggests, rather than of volts. 

It is agreed that ” equally as loud as ” is probably 
scientific jargon rather than good English. I have striven 
to achieve clarity rather than an academically correct 
style; nevertheless, slovenly writing is to be deprecated 
and, if good dictionary authority can be found to support 
Mr. Scroggie s contention, the phrase will be amended. 
It is, of course, agreed that the loudness comparison of 
sounds of different characters is a matter of great diffi¬ 
culty. Harvey Fletcher and other workers, however, 
have made these comparisons once and for all and issued 
frequency-loudness-intensity curves which are generally 
accepted. These curves have been used in designing the 
weighting of the amplifier, so that no further subjective 
judgments are involved in the tests. 

The difficulties of using signal generators in series are 
appreciated, but a detailed discussion of how to deal with 
such difficulties would, I think, be out of place in the 
specification and difficult to make comprehensive In 
specifying the method the R.M.A. relies on the experience 
of its members who have applied the specification suc¬ 
cessfully to commercial receivers. 

The multiplicity of frequencies commonly used as 
standards IS a great pity. I can only say that these 
different frequencies have been used as sparingly as 
possible. There seems to be no hope of standardizing 
weighting curves, as each weighting is really only suitable 
for one type of sound and one loudness. Hum in a radio 
receiver is so specialized a noise that it is unlikely that 
there will be any clash with such a body as the C C I 

or mth those bodies concerned with measuring industrial 
noises. 

The 3 % of 5th harmonic is certainly arbitrary, although 


it bears some relation to analyses of the various mains 
supplies available to the manufacturers who drew up the 
specification. It is not to be thought that 6th harmonic 
is specially prevalent. It was included to detect a par¬ 
ticular type of hum often present in radio receivers and 
missed by 60- or 100-cycles-per-sec. measurements, 
namely the type of hum introduced by pick-up, within 
the receiver, by an unscreened grid lead. Lower har¬ 
monics than the 6th would not show up this defect, and 
Ifigher harmonics are not sufficiently prevalent. Dr. 
Whitehead hopes to see the question of reduction of 
interference dealt with in later issues. The R.M.A. 
feeling, however, is that the question is best dealt with 
in an entirely different document and in co-operation 
with other bodies. 

The average listening level of 60 to 74 phons quoted by 
Mr. Pawley is probably about normal; our own tests seem 
to suggest about 65 phons. The figure of 60 phons was 
chosen as a round number which would certainly not 
cause overloading in any receiver. It has much the same 
status as 60 milliwatts in the electrical tests. We hold 
that 80 % modulation is inconveniently high in the 
present state of the art of manufacturing signal gener¬ 
ators. The R.M.A. is aware that such depths occur 
in practice, but it would like to see administrations 
accepting about 30 % as an average depth of modu¬ 
lation. 

The formula given in Part 2, Section 3, appears more 
fearsome than it really is. Thus the expression 
10 (/.<,-io)/io is the conversion of a difference in decibels 
{Iw — Iq) to its corresponding power ratio. It may be 
evaluated at once from a table of antilogarithms or by a 
single setting of a slide-rule. To repeat a portion of the 
test, as suggested, would be a more lengthy procedure 
than to make a slide-rule calculation. 

It must be admitted that the various subjects men¬ 
tioned by Mr. Pawley oiight to be included in an ideal 
specification. The R.M.A. specification does not claim 
to be ideal. As pointed out in my opening remarks, it is 
written by manufacturers for manufacturers and, al¬ 
though criticism is welcomed and has been of use in 
modifjfing some of the detail, the general outline remains 
and represents all that the manufacturers are prepared 
to do at present. 

In reply to Dr. Hughes the figure of 60 mW is certainly 
low, and it was specified because it is an accepted figure. 
Where it causes any difficulty, the specification permits 
measurements at higher levels together with a linear 
reduction. I cannot agree that battery sets with an 
output of less than 400 mW are rare. Receivers with an 
output of about 200 to 250 mW are very common. 

Dr. Hughes asks what percentage of distortion is taken 
m assessing the output of a receiver. The specification 
has carefully avoided quoting any such figure: it is con¬ 
cerned only with the methods of measurement and the 
expression of results, not with performance limits. It is 
true that the nominal output of the receiver is referred to, 
but the margin allowed is so wide that no difficulty is 
likely to result whatever system of arriving at the nominal 
output be used. 

Dr. Hughes is surely misinformed about the definition 
of the British Standard phon. The figure is 0-204 milli- 
dyne. It is agreed of course that the difference between 
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this and Dr. Hughes’s figure of 0-200 millidyne is 
negligible in practice. 

Dr. Hughes’s figures for practical loudness-levels do 
not accord with the Committee’s experience. Measure¬ 
ments have been made in school class-rooms under a 
variety of conditions and for male and female voices. 
An average of 65 phons seems to be a suitable figure for 
voice levels. No tests were carried out on music, but I 
suggest that a level of about 80 phons would be normal. 
Dr. Hughes agrees with this latter level of 80 phons but 
seems to state that his voice (84 phons) is louder than an 
orchestra. Actually a real orchestra would be much 
louder than this. I have heard Tschaikowsky at some¬ 
thing approaching the threshold of feeling! 

In reply to Mr. Smyth there are difficulties about the 
use of one-quarter of the nominal output of a receiver in 
place of 50 mW. Firstly the nominal output is a figure 
which is mot definite to within 50 %, and, secondly, the 
sensitivity figures would include A.V.C. performance and 
so give a misleading result. 

The method of selectivity measurement proposed by 
Mr. Smyth is supplementary to the one specified. If 
extreme selectivity were obtained in the tuned circuits 
of a receiver and the frequency characteristics were com¬ 
pensated in the audio stages, the R.M.A, method would 
indicate a high selectivity corresponding to the fact that 
no speech or music would be heard from an adjacent 
station, whereas Mr. Smyth’s method would indicate a 
much lower figure corresponding to the fact that there 
might be an appreciable monkey-chatter. It is debatable 
that the selectivity of a receiver should involve both 
measurements. The compilers, however, were unwilling 
to have two selectivity figures and, in choosing the method 
they specify, they were expressing the view which they 
believe is generally held by the public, namely that 
music-with-the-news is the more objectionable result of 
poor selectivity. *' Monkey-chatter ” can be dealt with, 
to some extent, by using the tone control, but, except in 
reaction sets, which are excluded from the R.M.A. speci¬ 
fication, the other type of selectivity is in the hands only 
of the manufacturer. It may be added that for many 
listeners (such as, for example, the schools) selectivity 
means the ability to clear the London Regional of the 
National Programme. The beat-note method does not 
deal with this problem. 

Mr. Gill’s remarks suggest that the title of the R.M.A, 
specification should be changed from . . Radio 
Receivers ” to . . Radio Broadcast Receivers.” This 
suggestion is accepted by the Committee. Perhaps when 
the B.S.I. draws up the comprehensive specification, 
referred to earlier, it will be possible to extend the range 
to cover other than broadcast receivers. 

Mr. Gill refers to the question of I.F. response. The 
Committee at one time drafted a section dealing with 
spurious responses. There were, however, so many of 
these, and it was obviously so invidious to omit any of 
them, that it was decided not to include spurious response 
at the present. 

In reply to Mr. Barnard, phase-shifts are, no doubt, of 
growing importance. At present, however, only a small 
minority of users is interested, and it is felt that the time 
is not ripe for treating them. A user with a special 
interest in phase-Miift would, no doubt, study the 


problem on two or three types of receivers, by means of 
a cathode-ray oscillograph, and choose that type which 
best met his special requirements. 

Mr. Barnard should note that if phase-shift were elimi¬ 
nated altogether from the receiver, it would still creep in 
at the loudspeaker. Of course, the question becomes of 
more importance for television, but the specification is 
not intended to cover television receivers. 

Mr. Alford’s remarks are of great interest, since they 
represent a viewpoint necessarily different from that of 
radio broadcast receiver manufacturers. Mr. Alford 
certainly shows how wide a comprehensive specification 
would have to be. I only claim that we have laid down 
a skeleton and filled in such of the detail as is of interest 
in our own field. No doubt, allied specifications could 
be written by other interested bodies with applications 
in special fields. A specification which embraces all 
radio receivers may perhaps never be written. This 
is why we propose to adopt Mr. Gill’s suggestion and 
strictly qualify the words ” Radio Receivers ” in the 
title. 

As a result of Mr, Holt Smith’s criticism of the 
accuracy limits imposed, the Committee has carefully 
reconsidered these and has changed some of them. 
Others, however, stand in spite of the criticism. Thus 
there is no real inconsistency in quoting a limit of 
10 % for the signal generator in Part 1 and 20 % in 
Part 2. This merely means that for the measurements 
of Part 2 it is not necessary to bring out the best signal 
generator. 

Again, although a figure of 20 times is mentioned, in 
parenthesis, for the ratio of the coil impedance and 
generator impedance, all that is really specified is that 
either open-circuit conditions may be assumed to hold or 
a suitable load correction shall be apphed. If source 
and load are truly in quadrature it is true that open- 
circuit conditions apply with a relatively small ratio. 
Twenty times would only be necessary in the extreme 
case of a generator which, with its connections, was 
mainly inductive. Another instance in which Mr. Holt 
Smith has read into the specification more definiteness 
than was really intended is the attenuation of the low- 
pass filter. The attenuation of ” at least 80 db.” was the 
test figure of the actual filter used in the tests. It is only 
claimed for this circuit that it is one of many possible 
circuits having the required characteristics. 

Mr, Holt Smith’s contention that shunt capacitance 
across the coil will not introduce error is, of course, correct 
if it can be assumed that the capacitance is lumped. The 
Committee had in mind the possibly disturbing effect of 
distributed capacitance. However, the case for retaining 
the warning is not very strong and it has since been 
omitted. 

Mr. Holt Smith is, however, quite right about the im¬ 
posed accuracy of 0-5 db.for microphone and amplifier. 
The intention was to correct the device to within 0 • 5 
db. on the assumption of a known microphone character¬ 
istic. This is not clearly expressed, however, and the 
statement will therefore need correction. 

The term “ automatic gain control ” is certainly more 
accurate than “ automatic volume control.” For that 
matter, the knob known as the ” volume control ” should 
also be called a " gain control.” The Committee, how- 
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ever, sees no likelihood of the term " A.G.C.” becoming 
popular, nor does it feel it a duty to reform the standard 
nomenclature of receivers and components. One might 
waste much energy deciding between such terms as 
“ valve ” and " vacuum tube”! 

The factor “ ” introduced into the definition of dis¬ 

tortion factor has somewhat the significance of the factor 
” 10 ” introduced into the definition of the ampere. It 
is intended to make the range of valixes dealt with in 
practice compare with the percentage figures hitherto 
used, thus minimizing the shock which users might feel 
in changing from one standard to the other. This may 
be heresy academically, but we are concerned with the 
practical acceptance of the specification by manu¬ 
facturers. 

It is true that the present distortion (acoustic output) 
test takes no account of the distortion produced in the 
radio-frequency and detecting stages of the receiver. 
But the test proposed by Air. Smith would introduce 
harmonics produced in the radio-frequency and the audio¬ 
frequency parts of the receiver with a random phase 
relationship, and would result in confusion. 

Some members of the R.M.A. have sought to overcome 
the difficulty by carrjdng out the following tests;— 

{a) The test called for in the specification, to show the 
audio-frequency distortion; 

{b) A test under similar general conditions, but with 
low and constant audio-frequency output, the depth of 
modulation being varied; and 


(c) A repetition of test (b) for a range of radio-frequency 
inputs. 

These tests give a more complete description of the 
receiver than does the R.M.A. test, but the complexity 
of the tests and the scarcity of suitable signal generators 
force the Committee to be content with the present 
specification, which, after all, is mainly intended to 
combat the normal meaningless and often untrue claims 
of " undistorted watts output.” 

In reply to Mr. Negus it is agreed that there are many 
omissions in the specification. Some matters have not 
been treated because of difficulties of measurement or 
interpretation; others because of the difficulty of being 
sufficiently exhaustive; others again—and padding errors 
are probably in this class—^because they do not seem 
important factors, from the users’ point of view, in 
assessing the overall performance of a type of receiver. 
Manufacturers should take care of such matters as part 
of their routine testing practice. 

It may, perhaps, be emphasized again that the speci¬ 
fication is presented largely as a piece of information 
showing what the manufacturers intend to do. Possibly 
other bodies may be moved to write similar documents 
covering some of the matters we have not treated. 
Probably, also, the scope of the present specification will 
be enlarged as experience is accumulated. 

Mr. Negus points out that there are at least two types 
of selectivity. The feeling of the Committee on this 
point is expressed in the reply to Mr. Smyth. 
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SUMMARY 

The paper is concerned with the theory and application of 
a vector diagram for synclironous machines which is expres¬ 
sible in 'terms of'’coefficients that are easy to measure if a 
source~of large wattless currents is available. __ 

This vector diagram is compared with the diagrams in 
general use, and some reasons are advanced, in regard to the 
latter, for the discrepancies between predicted and observed 
results which may occur when they are applied. 

The theory of the diagram and the tests necessary for the 
definition of its coefficients are considered for the cases of a 
salient-pole and barrel-rotor machine on infinite busbars and 
on bars of varying voltage, and it is shoAvn that, in general, 
good agreement is obtained between the predicted and 
observed results for regulation and load-angle shift. 

In the Appendix a brief outline of the mathematical theory 
is provided. 


LIST OF SYMBOLS 

V and V — applied voltage. 

E' = generated e.m.f. 

E = e.m.f. equal and opposite to E'. 

O = flux linkages, in volt-seconds. 
i and I = root-mean-square armature current. 

= root-mean-square armature current surround¬ 
ing inter-polar space. 

rr= root-niean-square armature current surround¬ 
ing polar axis. 

If ~ field current. 

If. = field current for given open-circuit voltage. 

= armature equivalent of Ip 

Jq = armature equivalent of Ij^. 

6 = load angle. 

a = power factor angle. 

I = leakage inductance of armature phase, con¬ 
sidered as being independent of the position 
of the polar axis. 

L — coefficient of self-inductance of armature 
phase for symmetrical machine. 

K — flux linkage per phase due to flux crossing 
the air-gap, produced by unit resultant 
current encircling the polar axis (direct 
position). 

A = flux linkage per phase due to flux crossing 
the air-gap, produced by unit current 
encircling the inter-polar space (transverse 
position). 

* The Papers Committee invite -written communications, for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of The Institution not later than one month after publication of 
the paper to which they relate. 


LIST OF SYMBOLS —continued 
Both K and A are measured in volt-seconds. 

(Z k) CO — total reactance per phase in the 
direct position. 

Xf^ = (Z -f- A)a> = total reactance per phase in the 
transverse position. 

^'dt 

<j — the ratio—■ 

Xt 

R — armature resistance per phase. 

^2 = ( i ?2 + 

= (JS2 -t- 
Zl = [RJ + x\) 

Zg = synchronous impedance. 

M — coefficient of mutual inductance between 
armature phase and the field winding. 

, _ Mco 


P ^2 

p = number of pole-pairs. 

~ = frequency of supply. 

27T 

INTRODUCTION 

When the theory of the polyphase alternator is to be 
discussed, one of three methods of approach is generally 
used. These may be distinguished as 

(a.) The method of the ampere-turn triangle; 

(6) The method of the voltage polygon; 

(c) A combination of {a) and (&), sometimes called the 
wattless-current method; 

and they may be summarized in the following way. 

(a) The Ampere-turn Triangle 

Two sources of magnetomotive force are present in 
the machine, one due to the ampere-turns supplied by 
the field and the other due to those supplied by the 
armature. The two acting togetlier must produce a flux 
sufficient to generate the back-e.m.f. The terminal 
voltage is obtained by adding or subtracting the armature 
resistance-drop; thus in Fig. 1, which represents phase 
conditions for a motor working on terminal voltage OV 
and taking a leading current 01, if OP is the resistance- 
drop then this subtracted vectorially from OV gives OE 
which must be equal and opposite to the back-e.m.f. 
OE'. If OF represents the ampere-turns necessary to 
produce the flux generating OE' and OB the ampere- 
turns due to the armature current, then the field ampere- 
turns must be represented by BF. 
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This diagram is the basis of the Rothert method^' of 
predicting regulation in which the armature and field 
ampere-tums are translated into terms of field currents 
with the help of the open-circuit and short-circuit 
curves; this latter referring to conditions of saturation 
corresponding to the small voltage required to maintain 
the short-circuit current. When the machine is operating 
on load voltage the saturation in the main flux path is 
increased, as is also the magnetic potential across the 
field system; the armature and field leakages are there¬ 
fore higher than before, and a given armature current, 
considered as a generator of flux in the armature coil, 
becomes, in terms of the field current, larger than it was 
on short-circuit.f When used for predicting regulation, 
therefore, the Rothert tests give values for the voltage- 
drop which are too small for lagging generator currents. 

From the point of view of mathematical analysis the 
ampere-tum triangle is somewhat cumbersome. The 
voltage equations are 


*0 — — “f- 11 % 

dt 


<1)2 = c 2(BF2 + B02 - 2BO . BF cos OBF) 



If EV = OP then the field excitation must be such 
that the field flux when acting alone would generate an 
e.m.f. equal and opposite to OE. 

This diagram is particularly valuable when the per¬ 
formance of the machine is to be expressed mathemati¬ 
cally. For a symmetrical machine* we have at once as 
the e.m.f. equation. 



di 


-1- Ri 


where v = applied voltage, 

<!> = armature flux linkage due to the field actiiu 
alone (in volt-seconds), 

L = self-inductance of the armature coil, 

R — armature resistance, and 
i — armature current. 


Difficulty occurs, however, when an attempt is made to 
estimate the value of L, since, though it appears in the 
equation as constant, it is in general a function of O, i, 
and V. The assumption is also made that a field current 



where v is the terminal voltage, i the armature curfent, 
and c a factor converting ampere-turns to fluxes. 


(b) The Voltage Polygon 

Two sources of e.m.f. are considered as present in tl 
machine, one due to the cutting by the armature coils ( 
the flux which would be produced by the fleld magm 
if acting along, and one due to the inductive effect ( 
the total flux which would be produced in the armatu) 
coils by the armature current if the field flux were nc 
present. The e.m.f. due to the field flux is now cor 
sidered as the generated e.m.f. of the machine and th 
terminal voltage obtained by the addition or subtractio 
of the resistance drop in phase with the armature curreir 
and the drop due to the armature flux in leadin 
quadrature with it. Thus in Fig. 2, showing phas 
conditions for a motor, 01 is the current leading by a- 
■angle a on the terminal voltage OV, OQ is the resistanc 
drop and QP the inductance drop per phase. OP i 
their resultant. 


which would produce Cj) under open-circuit conditions 
would produce the same flux linkage when acting alone 
under the conditions of saturation appropriate to a given 
load. This, though giving rise in general to smaller 
errors than the assumption of a constant L, is also 
objectionable. 

The diagram is the basis of the Behn-Eschenberg 
methodf of predicting regulation, and here L is assumed 
to be equal to the synchronous reactance of the machine 
as determined from the open-circuit and short-circuit 
curves. This determination of L usually gives a value 
which is much too high, making the predicted regulation 
pessiimstic ” in its estimate of the voltage-drop for a 
generator on a lagging-power-factor load. The reason 
for this IS not far to seek, for talcing a given armature 
current 1^ which requires a field current If to drive it in 
the short-circuit, -the synchronous impedance is defined, 
as Zg = Vila if V is the voltage which If would produce 
on open-circuit. In general V is much smaller than the 


3^ 

t 
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load voltage of the machine and occurs on the straight 
portion of the open-circuit curve before saturation has 
begun, and it is manifestly not permissible to apply the 
value so derived when the load voltage is under con¬ 
sideration, if this latter voltage occurs above the knee 
of the curve. It is perhaps of interest to note that 
though the Behn-Eschenberg and Rothert predictions 
of regulation give such widely different results when the 
machine is working on the saturated part of the open- 
circuit curve, they both rely on the same experimental 
data. 

(c) The Wattless-current Method 
Here the armature leakage flux is differentiated in its 
effects from the flux crossing the air-gap, which is 
generally referred to as the flux of armature reaction. 
The back e.m.f. of the macliine is assumed to be due to 
a flux which links both armature and field and is pro¬ 
duced by the resultant ampere-turns of the two; the 
terminal voltage is then obtained by adding or sub¬ 
tracting the armature resistance-drop (in phase with the 


the wattless current is equal to the armature current 
01 in Fig. 3a, then '' ar ” is assumed to be equal to QP 
and " rp ” to be the field equivalent of the armature 
demagnetizing ampere-turns due to the current OI. 

Reviewing the three methods, it may be said, first, 
that in each of them the machine under consideration is 
tacitly assumed to behave as if it were symmetrical. 
As shown later, this need not introduce=^ a large error in 
the prediction of regulation but may seriously affect the 
calculation of the load angle for the asymmetrical case.f 
Secondly, they assume that an irregular wave of flux, 
current, or e.m.f., can be replaced, for the purposes of 
vector representation, by an equivalent sine wave; and 
thirdly, they take no account of the wave-shape of the 
current in the busbars to which the machine may be 
connected. 

The foregoing methods were evolved at a time when it 
was difficult to take large lagging currents from a machine, 
except on short-circuit. At the present time, however, 
several large test-beds have synchronous machines 
available which can absorb wattless currents considerably 



current) and the armature leakage reactance-drop (in 
leading quadrature with the current). 

Thus in Fig. 3a, which represents phase conditions for 
a motor taking a leading current OI at a voltage OV. 
The generated e.m.f. is equal and opposite to OE which 
is found by subtracting from OV the resistance drop 
OQ and the leakage reactance-drop QP. The generated 
e.m.f. requires a common flux to produce it, and this 
in turn requires a number of ampere-turns equal to 
OF. Then if the armature ampere-turns effective in the 
production of this flux are equal to OA, the effective 
field ampere-turns must be AF. 

The method derives its name from the tests which are 
applied when it is to be used for predicting regulation. 
If an open-circuit curve oab (say) is available for a 
given machine, and a curve o'pq (say) between voltage 
and field current on a constant wattless current 
then if oab is a similar curve to o'pq it may be regarded 
as oab displaced downwards by the amount ar, and to 
the right by the amount rp, if a and p are the correspond¬ 
ing points on the two similar curves* (see Fig. 3b). If 

* See Potier: £clairage Electrique, 1900, vol. 35, p. 133. 



Fig. 3b 

larger than the full-load currents of the maclnnes under 
test. This being so, it is useful to combine the previous 
methods, since by doing so we can obtain a vector diagram 
and method of measurement which are to be preferred 
on the score of accuracy. 

The authors’ method will be considered for four cases, 
namely for an asymmetrical machine on infinite busbars, .t 
and on busbars of varying voltage; and subsequently for 
a symmetrical machine on infinite and variable bars, 
armature resistance being neglected in the first approxi¬ 
mation. 

Development of the Method 

Attention is concentrated on the conductors of one 
phase of the armature, to the terminals of which a 
voltage V is applied; this presupposes aback-e.m.f. equal 
and opposite to V which must in turn be generated by a 
rate of change in flux linkage d^/dt in the armature. If 
V is constant, d^jdt must be constant also, and since the 

* See case {2a),page 128 . 

t A machine in which the reluctance in the path of the axial flux differs 
from that in the path of the cross flux, e.g. a salient-pole machine. 

t Busbars whose voltage and frequency are invariable. 
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speed is synchronous we have, assuming sine functions, 

where V and ® are respectively the root-mean-square 
values of the phase voltage and flux linkage, and 
a> — 27 t X (frequency of supply). Thus any voltage may 
be replaced by a corresponding flux linkage. This link¬ 
age is produced by a flux which may be generated by 
the field, or by the armature, or by the resultant ampere- 
turns of the two acting together. If the armature is 
carndng current, the flux will be partly leakage flux and 
partly flux which links both armature and field. In 
cases of steady operation this distinction need not 
trouble us, though when phase-swinging occurs it 
becomes important.* 

Case (1). Asymmetrical Machhie on Infinite Busbars. 

In Fig. 4 let OV be the apphed phase voltage and OF 
the flux linkage which its presence requires. 

_ Let FB represent the line of the polar axis.' Then the 
linkage OF may be considered as the vector sum or the 



two linkages OB and BF, Let 01 represent the arma¬ 
ture current I leading on OV by the angle a. The angle 
BFO is the load anglef 6 (say). 

The current I can now be resolved in the two directions 
OB and BF. The component of 01 in phase with OB is 


where k is the flux linkage due to flux* crossing the air- 
gap, which would be produced by unit resultant current 
encircling the polar, or direct, axis, and Jy„ is the arma¬ 
ture equivalent of the field current with which the 
machine is worldng. Thus if AF = (Z -f K)lf then 
BA == (Z -f and OB = (Z -f A)Ii. 

If Jq is the armature equivalent of the field current 
required to give the phase voltage V on open-circuit, 

then OF == (Z -f /c)J q (if d is small). 

Dividing all quantities by (Z -f- /c), we can draw the 
current diagram Fig. 5, in which Pig is made equal to 
BA/(Z 4- k) and is therefore equal to the armature current 
encircling the axis. OP is made equal to OB/(Z -f k) and 
JgJo to AF/(Z + k). The vector OIj is made equal to 
OP(Z-t-/c)/(Z-j-A); thus OIj represents the armature 
current encircling the interpolar space. The vector 
is the armature equivalent of the applied field current, 
and OIq the armature equivalent of the field current for 
V volts per phase on open-circuit. 



The angle OPI^ is a right angle, thus the locus of P is 
a circle, diameter OIq. It follows that the locus of L 
is also a circle, diameter OIq, where ^ 

OIq/OIq = (Z 4- x)/(Z -p A) 


= I cos (i9 -}- a) 
and 4 must produce the linkages OB. 

Tims OB = 4(Z -f- A), 

where Z is the flux linkage per ampere, in volt-seconds, 
due to the leakage flux, and A the flux linkage due to flux 
crossing the air-gap, which would be produced by unit 
armature current encircling the interpolar, or cross, axis. 
The armature current in phase with FB is similarly 

Jg = J sin {Q -1- a) 

ISTow the flux linkage BF is produced by the resultant 
axial ampere-turns of field and armature and may 
therefore be written 


BF (jy^ ~ I^fi, _f_ ^ 


p. 5dl'. J- RtOHARDsoN: Jo’trnal I.E.E.. 1934, vol. 75 

t Defined as the electrical anjjle between thp nnio t 3 x, 

vector of resultant flux linkage. the pole centre-lme and the 










pounding 01 , and Pig. The locus of I for constant 
^citation is, as remarked by Ingram, a limapon.f If 
01 IS above the horizontal line through O the machine is 
acting as a motor; if below, as a generator. 

The armature equivalent of a given field current may 
be considered as nearly constant at constant terminal 
^ voltage if the load angle is so small as to make cos 9 
nearly equal to unity. The value of (Z -|- k) is associated 
with a certain flux linkage OF (Fig. 4) which is nearly 
equal to BF if 9 is small, and the factor converting field 
current to equivalent armature current must also be 
considered in relation to these two linkages, if a field 
current 1/is applied to the machine, the armature linkage 
produced by this will be MIf, where M is the coefficient 
of mutual induction between field and armature for the 

Here*" 

gap ^^duced unit amalur 
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conditions of saturation corresponding to the linkage OF 
(or BF). The armature linkage for a given current Jg 
encircling the polar axis under the same condition of 
saturation would be + /c); if these are equal then 
I 2 = + /f): J 2 being the armature equivalent of 

the field current If. Putting Ml{l + k) = p' we have 
in Fig. 4, since J/„ = p'lf and = p'lf^, 

BF = {If„ - 4)(Z + = iph - 4)(^ + 

and OF = 4(Z + x) = p'lfj^l + k) 

where If is the field current with which the machine is 
operating, and //„ is the field current required to produce 
an e.m.f. equal to V on open-circuit. 

The diagram is easy to handle, and the following 



resultant flux along the axis BF may differ consider¬ 
ably from that along OF corresponding to the terminal 
voltage. The saturation of the iron will not then be the 
same along AF and OF, and the flux linkage per ampere, 
{I -j- k), will not be a constant. With load angles up to 
10 ° or 15°, however, the error introduced by considering 
(Z -t- k) as constant is only small. In the second place, 
it cannot be too strongly emphasized that <t, Iq, and !/„, 
are assumed to be known for the identical conditions 
of field current, terminal voltage, load angle, and 
current, along and across the axis, under which the 
machine is operating. 

Case 1(a). Symmetrical Machine on Infinite Busbars. 

This case may be treated by maldng a equal to unity 
in Case 1. The diagram is shown in Fig. 6 , the vectors 
having the same significance as their counterparts in 
Fig. 5. 

The locus of I for constant excitation is now a circle- 



results are readily obtained.* The synchronizing torque, 
i.e. the torque for unit mechanical angular displacement 
of the rotating system, is 

T, = per phase 

where u represents the ratio (Z -f k)/(Z -}- A), I fa is the 
armature equivalent of the field current with which the 
machine is working, and p is the number of pole-pairs. 
The load angle for maximum output is given by 



where 


K 




I,{a - 1 ) 


: ff > 1 


Putting Ifa = 0 in the expression for 6niax.> we have 
6'max. — 45°,t and thus the maximum load which the 
machine will take with an unexcited field is 

'W.nax. = P^^®®- 


Certain precautions must, however, be observed in 
assessing the magnitude of the vectors. These will be 
discussed more fully under '“Measurements”; for the 
present it is sufficient to point out that if 8 is large the 

* See Appendix. 

t Cf. C. P. Steinmetz ; “ Theory and Calculations of Electrical Apparatus,” 
p. 270, 1917 edn. 


with centre 4 and radius I/„. The synchronizing 
torque is 


T.= 


F(4„cos d)p^ 
9* 81cu 


kg.-m. per phase 


and the load angle for maximum output at a given field 
is \tt. 

It is seen that a symmetrical machine gives a larger 
angular deflection for a given load and is less " stifl ” 
than one which is asymmetrical, but can be deflected 
through a larger angle without becoming unstable. 
Other things being equal, a barrel-rotor machine will 
have a longer periodic time than a machine with salient 
poles. 


Case (2). Unsymmeirical Generator on Busbars of Variable 
Voltage. 

Let the current again be 01 at a power factor angle a. 
Let OF in Fig. 7 be the resultant flux linkage which will 
sustain a terminal voltage V. 

On 01 describe a circle diameter OP = (JI -f k)I and a 
circle diameter OQ == OP(Z -f- A)/(Z -j- k). Consider any 
point R on the former, and let RO cut the latter at S.' 
We then have 


PR = (Z -b /c)J sin [8 -f a) 
RO s= (Z -j- cos (yS -b oc) 

XI + A) 


SO = RO 
OE' = 


(Z "b k) 
V 
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Let FS produced meet the perpendicular from P at T, 
then if FT is the flux linkage produced by the field the 
vector sum of FT, OS, and TS, must be the resultant 
flux linkage OF. Remembering that OF = (Z + k)Iq, 
where Jq is the armature current which, when acting 
alone, would produce the linkage OF, and that 
TF = (Z + where If„ is the armature equivalent of 
the field current required for the production of TF, we 
may divide all the vectors by (Z + k) and obtain the 
current diagram Fig. 8 , in which 


01 = armature current 

TIq = armature equivalent of the applied field current 

p'lf 


OI 


Q — armature equivalent of the field current corre¬ 
sponding to the working voltage — p'Jf^ 


RI = 

OR = / 


OS = 
OF' 


L 



Case (2a). Symmetrical Machine on Btisbars of Vaviahle 
Voltage. 

Writing, as before, o' = 1 gives Fig. 6 , from which the 
regulation can be determined as it was in Case ( 2 ), 
now being the armature equivalent of the field current 
which must be applied to the machine. 

It is interesting to notice that, particulaidj’- on lagging 
power factors, the asymmetry of a machine makes little 
difference to its regulation, for, referring to Fig. 8, it is 
seen that, while the equivalent field for the salient-pole 
machine is TIq, a symmetrical machine would require 
IIq. This conforms with the general experience that 
machines in which the ratio (pole arc)/(pole pitch) is 
large have the regulation properties of barrel-rotor 
machines. 

From the point of view of the applicability of the 
diagram this is fortunate, since it is not necessary to know 
the value of (Z -f- A) very accurately. 

Fig. 8 is in effect the Rothert regulation diagram 
expressed in terms of armature instead of field currents. 
By applying the diagram in the manner described in this 



In order that the diagram may be applied to the pre¬ 
determination of regulation, the saturation curve of the 
machine must be available and the values of (Z -[- A) and 
p' known for all conditions of saturation under which the 
machine is to operate. If this information is accessible 
a terminal voltage may be assumed and the field 
current for a given armature current at a given power 
factor calculated in the following way. 

From the saturation curve (Fig. 9) we have:_ 

Field current for voltage 

Equivalent armature current for voltage Fj^ = If p' 

(Z + k)oj _ 1^ 

If p' 

(I+ X)(x} is known and thus a is defined. 


Set off the current vector 01 (Fig. 8 ) at the pow 
factor angle a. Describe a circle on OI as diameter ai 

to the first at O of diamel 
(Uf)/o-. Let this cut OI again in Q. Set off OR = R 

produce; drop the perpendicular IT from 
o9 Produced, then TIq is the armature equivale; 
of the field current which must be applied to tl 
machine, and If^ = TI^/p'. From the saturation cur^ 
the comesponding voltage V, is found and hence tl 
regulation (up) = (Fg - Vf/V^. 


paper, however, it is made to give more accurate results 
than are generally associated with the Rothert method.* 


X Jie jjiiiect ot Armature Resistance 

Case ( 1 ). Unsymmetrical Machine on Infinite Busbars. 

If a cutyent i flows in a conductor of resistance R, a 
voltage R^ in phase with i is required to maintain it. If 
this voltage is expressed in terms of a changing flux 
Imkage, then ii ^ = I sin cuZ the voltage is RI sin coZ and 

the flax linkage = - ty sin wi Thus we may 

say that the current i flowing in the resistance B pro- 
duces, m effect, a flux equal and opposite to <[)«• in other 
words, this flux linkage must be obliterated before the 
current can flow. If this flux be called (I)^ then 
-(RT/cu) cos wt. Vectorially, if i is drawn verti¬ 
cally upwards is to be drawn horizontally to the 
right. Fig. 4 may now be re-drawn to include armature 
resistance. As before, OF = F/co, but for a motor 

~ and OB = I (I + A) 

+ RR/m).! Writing for simplicity (Z fl- K)aj = wa and 
[t -h A)aj = xt the following equations must be satisfied, 

^ See “Measurements.” 

case.^^® Kenerator case may be treated by writing -R for R in the motor 
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since /_ OBF is still a right angle and OF still equal to 

+ k) \— 

p'lf^^xa cos 6 = ip'I fa - + i?Ii . . (1) 

p'lffx^ sin 6 = IjXi 4- RI^ .... (2) 

where p'lf is the armature equivalent of the field 
current with which the machine is operating, and p'lf^ 
the armature equivalent of the field current required to 
produce an e.m.f. equal to OV on open-circuit. 

Hence 

^ ax^xtip'If^, sin 6) — Bx^p'{lf — I/„ cos 0) 

- ^2 ^ 

^ xaxtp'ilf - Ifn cos 6) -4 Rxap'ilfn sin 6) 

2^ _ 


where = {R^ + x^Xt), If is' the field current applied, 
and If^. is the field current corresponding to OV on open 
circuit. 



Fig. 10 


If 6 is zero. 


pXfiXi 


If “ 


_ .XgXt 
r ^2 


p (say) 


Thus is now the armature equivalent of the field 
current (1/ — I/J and in expressing the components of 
the armature current in terms of field current p must 
now be used instead of p'. Thus 


4 = 

4 = P 


crlf^ sin 6 — -{If - Ifg cos 
{If-If^ cos 0) +^(4sin 


fl)] 

e] 


or if Iq is now written Iq = pI/„ (instead of Iq — p'lf^ 
and I/a written I/« = pif (instead of I/a = p'lf) we have 
for a machine in which there is armature resistance 


Ij = o-Io sin d - - (I/a - lo cos 6) . . (3) 

Xl 

Ig = {If — Iq cos d) + -{Iq sin 9) . . (4) 


The first terms on the right of the expressions for I-^ and 
Ig give the same diagram as Fig. 5 if the new significance 
is given to Iq and I/a. The second terms give a diagram 
similar to I 2 I 0 O. but reduced in the ratio of R : xt, 
inverted and turned through a right angle. The com¬ 
plete diagram for a motor is thus Fig. 10, in which:— 

OIq — -^0 P^Zo 

OIo = o-Iq : ct = — 

Xt 

IqI' = pIf = If^ 

OT' = -OH = -Iq 
Xl xt^' 

OS' = -I 0 I 2 = -i/« 

TS = - T'S' 

The resultant current is the vector sum of 01 (, PI 2 , ^^nd 
TS. It is shown at OS. The load angle is 9. The 
application of the diagram is simple; for instance, the 



Fig. 11 

power component of the current may be written at 
once as 

/pp. = Ij^cos 0 -h I 2 sin 0, which, from (3) and (4), gives 

I,^ = I/a sin 0 -f- sin 20 - ^{If^ cos 0 - Iq) 

from which the relation between load angle and load 
may be plotted.* The locus of the extremity of the 
vector of armature current is again a limaqon.f Motor 
action is implied when the current vector is above the 
X axis; generator action when it is below. 

It is to be noted that as the point P moves over the 
circle on diameter OIq, to include both motor and 
generator action, the vector OT' is always drawn verti¬ 
cally downwards, and thus when I^Iq is above the X 
axis S'O is in phase with OP, and when I^Iq is below the 
axis S'O is in antiphase to OP, 

Case 1(a). Symmetrical Machine on Infinite Busbars. 

Putting o- = 1, the circle of diameter OIq in Fig. 10 
disappears. TS is always at right angles to Iglg and 
always proportional to it. Thus, as shown by Wall,$ 

* See “ Experimental Work.” t See Appendix. 

± T. F. WALn: “ Theory of the Three-Phase Synchronous Machine,” 
/owroaU.JS.E., 1014, vol. 63, p. 277. 

9 
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the locus of the extremity of the current vector is a 
circle of radius whose centre is at the point 




(see Fig. 11). 


where = xt = x, and = {R^ + x^) 


Cases (2) and (2a). Machine on Bars of Variable Voltage. 

Since, in treating problems of regulation, the armature 
current and its power factor may generally be assumed 
as the starting point, it is best to use the simpler dia¬ 
grams (Figs. 6 and 8) for the calculation of the field 
current required for a given terminal voltage without 
resistance, and to correct subsequently for resistance by 
subtracting the armature drop at its appropriate phase 
angle. It should be pointed out that if the simple 
diagram is used, then the factor p' must be taken instead 
of p (though these will differ hy less than 1 % in 
machines of normal design). 

Measurement. 

In order that the diagrams may be applied, the 
magnitude of three quantities a, p, and R, must be 
known and the saturation curve for the machine must 




- 0 -^- 

n .... 

i 

1 Cf) 

L j ^ 

j 


y © 


J 

i_O_ . . . 1 

Fig. 12 


be available. Fortunately, it is possible to obtain the 
relevant information with sufficient accuracy without 
applying load to the machine. 

The Value of p. 

If the machine is connected to infinite bars of voltage V 
and operated on no load, then the angle 6 is small and 
in equation (4) cos 0 ^ 1, while the term in i?/(.rj) may 
be neglected if R is small compared with xg, thus 

Starting with — 0, that is with the field current equal 
to that required for a voltage V on open circuit, if the 
field current is increased to and the change in I 
noted the ratio p is defined. It is sometimes difficult 
to reduce the load angle of the machine to zero, owing 
to the presence of friction, windage, etc., but since the 
current 1^ is nearly equal to the wattless current supplied 
to the machine, cross-connected wattmeters may con¬ 
veniently be used as shown in Fig. 12. Then if and 
are the wattmeter readings (which should be equal), 
and V is the line voltage, the current in quadrature with 
F will be 


I 


L 


+ W, 

2V 


and since the ratio p becomes p = 

for small values of 6. 

In carrying out tests to determine the value of p it 
was found to vary with Jq and with Ii. The former 
variation was noticed in all the machines which were 
tested, while the variation with i/^ was pronounced in 
one only, though thei'e is generally a difference between 
the values for positive and negative 1 1 . If the per¬ 
formance of the machine is to be specified completely, 
p should be determined for all values of li and (i.e. 
terminal voltage) with which it is likely to operate. 

The Value of a. 

As has been mentioned before, a is the ratio 
and by definition — VKp'Ig), where F is tlie open- 
circuit voltage for a field current The method of 

estimating the value of p has been described in tlie 
previous paragraph, and since the value of p' differs 
from that of p only by a small ainount (it is shown later 
that this is in general less than 1 %) p may replace p' 
and we may write = VUpJg). It remains then to 
estimate the value of If the direct-current field is 
removed S}mchronous operation will be maintained on 
no load if the machine is asymmetrical, and will con¬ 
tinue even with a small reversed field. If the reversed 
field is increased, however, the machine will ultimately 
fall out of step and slip back through one pole-i)itc]i, 
after which synchronous operation will lie resumed. 
During the pole-slipping period the field system occupi(;s 
at one instant a position with respect to the armature 
field such that all the flux corresponding to tlie terminal 
voltage is produced in a direction across the polar axis 
{9 = I-tt), while the flux due to the reversed field is 
obliterated by a current surrounding the polar axis (i.e. 
for 9 = ^7r in phase with F). The maximum reading of 
cross-connected wattmeters measures the current in 
phase with the resultaint flux, i.e. in quadrature with F 
at this instant. If this current be If, then 

F -b pi'fR 

- 

■^L 

where F is the terminal voltage and I'r the reversed 
field. ^ 

If the machine is fitted with damping grids, the calcu¬ 
lated value of xt may be affected by "the circulating 
currents in these during the transit over the pole-pitch. 
In order to minimize the error thus introduced, it is 
important that the transit should take place as slowly 
as possible. This may be ensured by arranging that the 
reverse field applied is only just sufficient to cause the 
machine to fall out of step. 

GENERAL OBSERVATIONS ON THE AUTHORS’ 

METHOD 

The full application of the method presupposes the 
accessibility of busbars whose voltage can be varied 
throughout the whole operating voltage range of the 
machine under test an^ which shall be capable of giving 
a wattless current possibly as much as twice the steady 
short-circuit current of the machine. This is considered 
to be the most serious drawback to the method. 

Something may, however, be added on the credit side. 
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The values of and p are determined by measurement 
for the identical conditions of terminal voltage, field 
excitation, and wattless current, under which the 
machine will operate on load. Thus allowance is made 
automatically for the effects of saturation in the axial 
flux path, except in so far as they may be modified by 
the cross-axis flux. That this is so may be seen from the 
following considerations. In the determination of p 
the machine is connected unloaded to busbars of voltage 
V (say), and the field current If adjusted till the wattless 
armature current is zero. Let this value be If^. If an 
increase of hlf now causes a wattless armature current 
/g to flow, while V remains constant, then 



and Jg = is armature equivalent of the field 
current at terminal voltage V and wattless current Im¬ 


possible to the working voltage), a certain field current, 
and a certain wattless armature current. The field 
current in question is the (small) reverse field which 
becomes a direct field after pole-slipping has occurred, 
and the armature current is the maximum wattless 
current which the machine takes in its transit between 
poles and which, at the instant of maximum, encircles 
the interpolar space. 

It has been shown in a previous paper* that if the 
voltage polygon (Method 2 of the Introduction) is taken 
as the basis of the vector diagram, then xt decreases 
more or less rapidly with increase of excitation, and 
measurements have also shown that, when used in 
this polygon, xt must also be considered as a function of 
the cross-axis current, decreasing rapidly at first and 
then more slowly as the current increases. 

The same limitations do not appear if the ampere-turn 
triangle is applied in the manner suggested in the present 



—O — Machine 1. 

—-Machine ,3. 

—□— Machine 3. 


Fig. 13 


All currents, magnetizing and demagnetizing. 

KgnSfing}a“™ts. 


Similarly pJ/^ is the armature equivalent of the field 
current necessary to generate an e.m.f. equal and 
opposite to the voltage of the busbars under the con¬ 
ditions of saturation implied by the value of the 
voltage V. 

By definition, = VUp'lf^, but without introducing 
any serious error we may write = Vf{plfg), since 
p = xaXtp'IZ^, and even in a small machine, where the 
resistance to inductance ratio is comparatively large, the 
ratio p/p' is very nearly unity. 

For instance, taking a case where JK = 0-14ohm, 
£B^ = 2 ohms, aii = 1 ohm 


The estimation of the cross-axis reactance xt is not 
equally rigorous. For the predetermination of regu¬ 
lation it is not necessary that it should be so, though 
for calculation of load angle an exact estimation of ajj 
is important. 

The measured value of the quantity is associated with 
a certain terminal voltage (which should be as near as 


paper, and only at high field currents is there any con¬ 
siderable discrepancyf between calculated and observed 
values of the load angle. When the voltage polygon is 
used, both and xt must be assumed to vary with field 
current, armature current, power factor, and terminal 
voltage; when the present method is applied, however, 
it is in general suf&ciently accurate at a given terminal 
voltage to consider xt as a constant, measured in the 
way that has been described, while a value of p, and 
hence of x^, is associated with each value of the current 
encircling the polar axis. 

With regard to harmonics in current and voltage 
waves, it must be said at once that the vector diagrams 
only represent the working conditiohs so far as the funda¬ 
mental frequency is concerned. The same limitation 
does not apply to the measured values of p, x^, and Xt, 
which may be considered as “ effective ” values since 
they take account of the harmonics actually present in 
the wattless current and terminal voltage. The diagrams 
in which these quantities appear may therefore be taken 

* Prescott and Connon, loc. cit. 

t See Fig. 16b (generator with 6-amp. field), the largest discrepancy 
observed. 
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to represent conditions for the effective sine waves which 
have been assumed to replace the distorted waves 
actually present—a device frequently used in the design 
of machines. 



Phase v'olta^e 


Fig. 14.—^Machine 2. 

—A— 20 amps.") 

-30 amps, ^demagnetizing. 

—O — 40 amps.J 

—□— All currents, magnetizing. 

Strictly speaking, of course, the measured values only 
^Pply 'to the machine in operation on the busbars with 
which the test is made, and an alteration in the wave¬ 
form of the bars may cause an alteration in the measured 
values. 


bilit}.’- of the theory developed in the first part of the 
paper. A summary of these is I'eproduced for three 
machines, the particulars of which are given below. 


Machine 1. 

Three-phase, star-connected; normal rating 200 volts, 
60 amps., 50 cycles; 4 poles; ratio (pole arc/pole pitch) 
= 0-67; armature resistance = 0-16 ohm per phase; 
field current for 200 volts on open-circuit = 0 • 976 amps.; 
maximum lagging current as machine slips a pole under 
a reversed field of 1 amp. = 56 amps. 

The value of p plotted against terminal voltage is given 
in Fig. 13. In this machine p is scarcely affected by the 
value of Iz- 

From the curve, p for 200 volts = 20, 


Hence 


plf^ ~ 20(0-975) — 19-5 amps. 
200 


19-5V3 


= 5-93. 


200 

-h 20 X 0-16 

Vs 


= 2 - 1 . 


At 200 
volts 


cr = 2-82. 


Machine 2. 

Three-phase, star-connected; noi-mal rating 200 volts, 
58 amps., 50 cycles; 6 poles; ratio (pole arc/pole pitch) 
= 0-683; armature resistance = 0-11 ohm per phase; 



Fig. 15.—^Machine 1. 

—O— Field 3 amps. 

—D— Field 0-5 amp. 


EXPERIMENTAL WORK 
A series of experiments was carried out in the 
Laboratories of Applied Electricity of the University of 
Liverpool with the object of investigating the applica- 


field current for 200 volts on open-circuit =3-5 amps.; 
Maximum lagging current, corrected to 200 volts, as 
machine slips a pole under a reversed field of 0- 75 amp. 
= 161 amps. 
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Fig. 16a.— ^MacEine 2. 

—O— Field 4-4 amps. 

—□— Field 2 amps. 



Fig. 16b.— ^Machine 2, field 6 amps. 


The value of p plotted against voltage is shown in 
Fig. 14. In this machine p is affected both by F and J^. 

At 200 volts the following values apply:— i. o 


Lagging current 
(amps.) 



HR 

20 

30 

40 <n ^ ° 

t— 

P 

21-2 

20-6 

t 0-6 

19'5 


1-65 

1-6 

1-685 

Xi 

0-77 

0-77 

0-77 ^ 0-4 

. .GT 

2-01 

2-08 

2-19 1 



0-2 


Machines. 

Three-phase, star-connected; normal rating 200 volts, 
14 amps., SO cycles; ratio (pole arc/pole pitch) ~1; 
armature resistance = 0*27 ohm per phase; field current 
for 200 volts on open-circuit =3-1 amps.; maximum 



2 4 6 8 

Load, kW 


Fig. 17.—^Machine 3. 

—O— Field 7 amps. 

•—0— Field 8 amps. 
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Fig. 1 S.—Machine 1, 20 amps. 



Fig. 19 .—Maclaine 2, 41 amps. 


lagging cnrx-ent as machine slips a pole without reversed 
field = 21 amps. 

The value of p plotted against terminal voltage is given 
in Fig. 13. 


At 200 volts X(i 


200 


X,! 


5- 95 X B-iVb 

200 

6- 2 X S-lVs 


6 • 36 (demagnetizing) 
(/jr; leading) 

6-0 (magnetizing) 

{II lagging) 


From these particulars the relation between load angle 
and power for various excitations was plotted, using the 
formula 

W = Vsv 

(if,sin O+Iq sin 2d =F ^(//„ cos 8 -- 

where the negative sign implies motor and the po.sitive 
sign generator operation. 






POLYPHASE SYNCHRONOUS MACHINERY 


135 


The curves for machines 1, 2, and 3, operating on in¬ 
finite busbars of 200 volts are plotted in Figs. 15, 16 a,, 16b, 
and 17, respectively. On the same axes are also plotted 
observed points obtained from a stroboscopic measure- 


The co-ordinates of the extremity of the current 
vector are x = 1^ cos 6 — sin d] y = I-i cos 6 +sin 9. 

f 2? Ii\ 

Moving the origin to the point ~x / obtain 

t t 



I-1_1_I_^_1_^^_i 

0 2 4 6 S 


Field current,amps 
Fig. 20.—^Machine 3. 


ment of load and load angle. The method of obtaining 
these points has already been described.* Each calcu¬ 
lated curve has been corrected to the same zero as the 
corresponding curve defined by the experimental points. 

The calculated and observed performance of the 
machines on busbars of variable voltage were compared 
by running each at constant armature current and power 
factor and varying the field excitation; after which 
terminal voltage was plotted against field current. The 
diagram of Fig. 8 was then used, with the correction for 
resistance, to calculate the field current for various 
assumed terminal voltages. The observed and calculated 
results are plotted for machines 1, 2, and 3, respectively, 
in Figs. 18, 19, and 20, the value of cr being assumed 
constant in each case. 

In Fig. 19 the voltage curve obtained from the Rothert 
diagram for 41 amperes lagging current is also plotted for 
comparison, 

APPENDIX 

A somewhat fuller account is given here of the mathe¬ 
matical implications of the diagram for constant voltage. 

For an asymmetrical machine, having resistance, 
equations (3) and (4) must be satisfied:— 



J = air. sin 6 — —(I fa — I a cos 9) . . (3) 

Xt 

h = “ 4 cos 6) -h -{1q sin 6) . . (4) 

* J. C. Prescott and E. W'. Connon: “ Measurement of the Load Angle 
of Synchronous Machinery,” Journal I.E.E., 1931, vol. CD, p. 281, 


the lima 9 on 

^ == ” 1) COS {9 -1- e) 

R 

where Zt = -f x ^); = plf, Jq = pJ/.,; tan e = 




136 PRESCOTT AND KELKAR: VECTOR DIAGRAMS OF SYNCHRONOUS MACHINERY 


Taking the singular point as pole with co-ordinates 
/ B,\ 

(/q—: symmetry of the figure 

makes an angle [2 arc tan (ii!/a:j)] with the x axis. Thus 
in Fig. 21 OP = loiZ^lZl), PQ == liZ^/Zl) . (R/xt), UQS 
is the axis of symmetry, and STP is 2 arc tan {Rjxt). 
Since QOP is arc tan Rf{xt), it follows that OQT? = 
QOP = €. The load angle 6 may therefore be reckoned 
from the line OQ in a clockwise direction. OI is the load 
current and OV the applied voltage. If iJ = 0 the 
co-ordinates of the singular point are (/qCt; 0): e — 0 
and the limagon is given by 

^ = ^fa+ J-oi^ - 1) d 

as can be seen at once from Fig. 5, since the excess of 
IIq over is always — 1) cos 6. 
li xt = xa = oi the lima^on becomes a circle the co¬ 


ordinates of whose centre are (Jq : IqR/x) and whose 
radius is {Zlx)If^. Expressing Jq and J/„ in terms of 
terminal voltage and e.m.f. respectively, lay introducing 
p, the quantities take the form in which they are quoted 
by Wall. 
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DISCUSSION ON 

“APPLICATIONS OF THE HOT-CATHODE GRID-CONTROLLED 

RECTIFIER, OR THYRATRON 

SOUTH MIDLAND CENTRE, AT BIRMINGHAM, 30TH NOVEMBER, 1936 


Mr. E. A. Re3molds: I should like to know how the 
word “ th37ratron ” originated, who invented it, and what 
is it meaning. 

The author mentions the use of this device in aluminium 
and aluminium-alloy welding, but from the way in which 
he speaks of the high current that is taken I gather that 
there is some difficulty in using the thyratron for the 
current required. If, however, it can be used for this 
purpose, it is obviously the most useful form of welding 
control that there can be for these alloys, because the 
period of weld is so extraordinarily short and many of the 
present forms of welding control have failed on aluminium 
alloys for that reason. It therefore looks as though the 
thyratron provides a possible solution of the difficulty of 
welding aluminium alloys. 

Another point in the paper which is of particular 
interest is the control of theatre lighting. I understand 
that the apparatus which the author puts forward is 
very expensive in the first place as compared with the 
resistance control ordinarily used, but it is quite possible 
that the saving through not dissipating energy in the 
resistances might compensate for this. Against this, 
however, there is the life of the thyratron to consider, 
because when dimming of the lights is required it is 
impossible to wait for the thyratron to heat up, and 
therefore it must be in circuit the whole time the lights 
may be required. The introduction of the thyratron 
seems to open up a very useful method of lighting control 
in theatres because it is so easily controlled from any 
position without the use of bulky apparatus and of 
cables carrying heavy current. 

Mr. J. H. Fearon: Has the possibility been con¬ 
sidered of encasing thyratrons in metal, in the same way 
as radio valves have been encased? This might help 
to overcome some of the prejudice which is said to exist 
regarding the fragile nature of the apparatus. 

Mr. H, H. Taylour: With regard to the name " thy¬ 
ratron,’' it is rather unfortunate that a term which is 
coming into such general use should be a trade name, 
inasmuch as this circumstance has brought into being 
a somewhat confusing alternative, namely “ gasfilled 
relay.” This latter term is unsatisfactory, as, apart 
from the undesirability of having widely dissimilar 
names for the sarrte piece of apparatus, it is definitely 
inaccurate since the device is neither gasfilled (in its 
usual form) nor is it a relay. It is true that grid- 
controlled electronic devices containing gas at low 
pressure are Icnown, but surely the term ''gasfilled” 
should apply only to them since, particularly with regard 
to temperature characteristics, there are wide differences 


between them and those with a vapour filling. The word 
*' relay ” in engineering matters commonly refers to a 
mechanical device, while, in many instances, th 5 nratrons 
are not employed as relays. 

The type of voltage regulator described by the author 
has apparently been developed only to- give a level 
compounded characteristic. There are, however, other 
characteristics which are sometimes required. For 
instance, regulators are frequently specified which bestow 
a rising characteristic with load, and occasionally 
regulators are required to combine this with a drooping 
characteristic in the overload region. Will the author 
give details of any experience he may have had of 
producing combined characteristics of this nature with 
the non-ohmic bridge regulator ? 

Mr. W. R. Cox: When the possibility was being 
examined of applying a hot-cathode grid-controlled 
rectifier to a number of control and protective services, 
two characteristics were found to be troublesome. The 
first was the fact that a heating-up period for a cathode 
is necessary, and the second the fact that the rectifier 
valves have a comparatively short life. Information on 
any developments which have occurred since the above 
investigations .were made and which have led to improve¬ 
ments in regard to either of these points will be very 
welcome. 

The first of the above characteristics makes it necessary 
to keep the cathode continually warm if the valve must 
always be ready for immediate use, as for protective 
services. The difficulties here introduced are, in the 
first place, to provide a suitable supply of heating current 
for the cathode, and, secondly, the cost of the energy 
consumed in this way. 

At their present price, the limited life of the valves 
makes the question of replacements a relatively expensive 
item. It is, of course, realized that as the demand for 
these valves increases, their price is likely to fall very 
considerably, and this will gi’eatly ease the situation from 
the point of view of replacements. 

From a general point of view, the fact that we have 
in these hot-cathode grid-controlled rectifiers a relatively 
large switch, which is at the same time a static piece of 
apparatus, very rightly attracts a good deal of attention. 
Other attractive features are that the switches are 
capable of extremely high-speed operation and possess 
the characteristic that the speed of operation can be 
varied over a comparatively wide range with great 
precision. At the present stage of development their 
application still seems to be rather limited, tbe capital 
outlay and maintenance charges only being the limiting 
factors. 


Paper by Mr. A. L. Whiteley (see vol. 78, page 616). 
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DISCUSSION ON “APPLICATIONS OF THE THYRATRON” 


Mr. A. L. Whlteley {in reply ): In reply to Mr. 
Reynolds’s question regarding the name “ thyratron,” 
it is derived from the Greek word meaning “ a door,” 
together with the not uncommon word-ending signifying 
that it is a member of the electron-tube family. The 
word was coined by the Research Laboratory of the 
General Electric Co. at Schenectady. In view of the 
grid-control characteristic of the thyratron, the analogy 
with a door will be seen to be quite appropriate. Mr. 
Taylour also refers to the name of the device, and I 
entirely agree with him that the alternative name some¬ 
times used, “ gasfilled relay,” is very often inappropriate. 
It is clearly incorrect to describe the thyratron as a relay 
when, as is often the case, it carries the whole of the 
power being controlled. 

Referring to Mr. Reynolds’s observation regarding 
welding of aluminium and aluminium alloys, the 
thyratron combined with the series transformer system 
enables large-kVA welding machines to be controlled. 
For instance, two of the largest thyratrons at present 
manufactured in this country, when placed across the 
6-6-kV secondary of a series transformer can handle 
300—350 kVA, i.e. about 30 000 amperes welding current. 
Developments now reaching their conclusion will enable 
this rating to be quadrupled, particularly in the case of 
spot welding. 

Mr. Reynolds is correct in stating that the thyratron 
reactor dimmer is expensive compared with the usual 
resistance t3q)e. While the thyratron dimmer is more 
efficient than the resistance dimmer, it cannot be claimed 
that the saving in power will compensate for the increased 
capital cost. As Mr. Reynolds remarks, the thyratrons 
must be in circuit (i.e. cathodes hot) for the whole 
duration of the stage show. The power absorbed by the 
cathodes is, however, small (29 watts for circuits up to 
6-kW capacity, and 49 watts for circuits of 6- to 20-kW 
capacity). 

The main features of the thyratron reactor dimmer 
are (a) the ease with which a large number of stage 
circuits can be controlled by a single operator; and (&) the 
ability to achieve true scene presetting, i.e. the lighting 
intensity of any or all the stage circuits can be “ set up ” 
in advance to any de^ee of “ dim,” This is done without 
interfering with existing intensities of these stage circuits. 
When a change of scene is called for, the lighting intensi¬ 
ties are ’ faded through ” to the new values, by a single 
control knob. The transition period can be of any 
length from 1 sec. upwards; alternatively, the outgoing 
scene can be faded to black-out, and the new scene 
brought up from black-out, using two controls only 
Those acquainted with the difficulties attendant upon 
the handling of a 60- or 100-circuit stage board will 
appreciate the convenience of performing all scene- 
ctonging on one or two easily-operated control knobs. 
The foregoing control features cannot be obtained with 


any known form of resistance dimmer. Thus I would 
suggest that, as lighting control is such an important 
feature of a modern stage production, a better perspective 
is gained if the increased cost of a thyratron dimmer is 
not reckoned as a percentage of the cost of a resistance 
dimmer but rather as a percentage of the cost of the 
stage equipment as a whole. 

Mr. Fearon asks whether the possibility has been 
considered of enclosing thyratrons in metal. Very little 
has been done in this country with regard to metal 
thyratrons, although developments in this direction are 
liow proceeding. In America, where thyratrons are in 
more common use, certain sizes have been available in 
welded steel envelopes for the last 2 or 3 years. 

Regarding prejudices against thyratron conti'ol, I have 
no hesitation in stating that there is a more ready 
acceptance of this class of control than when the paper 
was first presented, about 18 months ago. There is no 
doubt that “ all steel ” thyratrons will do much to over¬ 
come the psychological difficulties which are present in 
introducing this new development; however, glass- 
enclosed thyratrons, particularly in the small sizes, are 
likely to be used for some time to come. 

In reply to Mr. Taylour, thyratron regulators liave 
been produced commercially only to maintain constant 
voltage. In the main, the effort has been to achieve 
very close limits of regulation, say 0-1 % from no load 
to full load on the generator. It is in this field that 
the electron-tube regulator shows up to great advantage. 

I would remind Mr. Taylour that the characteristic lie 
describes is somewhat rare, and that a good enough 
approximation can often be achieved from the inherent 
characteristics of the machine itself. 

I gather from Mr. Cox’s remarks that he is interested 
in the use of thyratrons as protective devices for trans¬ 
mission systems. In this case I agree that the finding 
of a low-voltage a.c. supply for the hot cathodes may l)e 
troublesome. I cannot, however,^ agree with him with 
regard to the remaining factors, namely tube life, cost of 
cathode energy, and cost of replacements. In a pro¬ 
tective device the thyratron cathode must always remain 
hot, but the arc will not be called upon to strike 
except under fault conditions. The life expectancy in 
such a service would be in the region of 10 000 hours. If 
the duty to be performed is a very important one, I 
would suggest the use of two thyratrons in parallel llie 
cathode consumption of a thyratron which is likely to 
be suitable for protective-relay work is only 13 watts. 
Maintenance costs are difficult to discuss in general 
terms, but if thyratrons can be shown to have improved 
characteristics for high-speed protective working the 
cost of replacing a few small thyratrons each year will 
be negligible compared with the maintenance cost of 
the moving electromechanical parts of the protective 
apparatus. 



DISCUSSION ON 

“CONTINUOUS EXTRUSION OF LEAD CABLE - SHEATHS 

SCOTTISH CENTRE, AT GLASGOW, 9TH MARCH, 1937 


Mr. A. F. Stevenson : I have met with no trouble due 
to split lead outside the factory, but have had some 
experience of it in the works with a design of die-box now 
quite out of date. My cable-using friends have so little 
trouble due to this cause that I feel that the author’s 
machine meets no want on the technical side, though it 
may on the commercial side. I regret that while the 
paper is very thorough in proving that the old-type press 
cannot produce good sheathing, it gives no figures as to 
the relative cost by the two processes, which is the 
important point. 

Mr. A. P. Robertson : I should be glad if the author 
would confirm that at the die the lead is in a plastic 
condition. 

The cable before it is covered is soft, and I should like 
to know whether the pressure of 15 tons per sq. in. has 
any effect in reducing the diameter or otherwise distorting 
it. The temperature of 300° F. seems high, and might 
damage the insulation, although I must admit that I 
have seen no signs of this. Wliy is this so ? Is it because 
of the speed of travel ? 

I am not clear as to the method adopted for keeping 
the cable central. Is the point the part of the machine 
which keeps the cable central, and the die for forming 
the lead outside ? As to the screw in the lead, I take it 
that the lead must be fairly solid to give the screw a 
catch, and that the molten lead at the far end is only 
provided to fill up the screw so that it does get a proper 
catch. 

Mr. W. Ross (Glasgow): I should like to ask how the 
cable is kept central when it is passing through the 
machine. 

The author said that at the mouth of the die the 
temperature is about 400° F. Has this temperature any 
effect on the insulation ? 

What is the purpose of the splines on the die shank—is 
it to keep the lead from revolving? When that lead 
comes out, just before it enters the die is it in the form 
of a tube with internal splines and screwed outside ? If 
it is, does not the irregular cross-section affect the lead 
sheath ? 

Mr. E. Seddon; I have had some bitter experiences 
with faulty lead-covering of cables, where the lead sheath¬ 
ing has fallen away from the cable in halves; and it is 
easy to see from a perusal of the paper how such faults 
can originate from the old t57pe of lead press. 

With regard to the regulation of speed on the receiving 
drum, I should like the author to say whether the amount 
of droop on the cable between the press and the drum can 
be used to control the speed, by allowing the cable to pass 
through a guide in the path of a beam of light operating 
a photocell. 


Mr. C. R. Kemp : I should like to ask whether the 
author’s machine can make ordinary lead pipes. 

Mr. J. Eccles: I fear that the high temperature of the 
lead being deposited on the cable in the author’s machine 
might have a deleterious effect on the outside of the 
insulation. The continuous-extrusion machine is rather 
worse in this respect than the old-type of press, as a 
uniform temperature of die is maintained approaching 
the peak value for the earlier type. 

Has the Michell type of thrust bearing ever been tried in 
the author’s machine ? Perhaps the sliding speed is not 
high enough for this type, but it is an excellent bearing 
for the very high pressure mentioned by the author. 

His system of speed stabilization seems to be rather 
complicated, and one would like to know why such 
refinements are necessary. The initial expense and 
running and maintenance costs of a Ward-Leonard set 
must offset a good deal of the commercial advantage 
claimed for the continuous-extrusion machine. 

Mr. G. G. L. Preece: Some 25 years ago, when I 
was connected with the manufacture of cables, we had 
quite a lot of trouble inside the factory with split lead 
sheaths owing to the non-union of the two charges. We 
took precautions against this type of fault, but we could 
find no certain cure for it. The fact that such precau¬ 
tions were taken is proved by the small percentage of 
trouble due to this cause which has been experienced by 
users. One particular feature in those early days was 
the introduction of a hydraulic test for lead-sheathed 
paper cables, which enabled us to track faulty sheaths 
more effectively than by simple immersion; and, although 
not perhaps altogether successful in disclosing trouble, 
this drastic test was a measure of the amount of care 
that was taken then. 

The success of the author’s machine must be measured 
by the attitude of the cable makers towards it, which will 
be indicated by the rate of replacement of existing 
hydraulic lead-covering presses by the new type. Per¬ 
haps the author could give some information regarding 
this. 

Mr. F. L. Smith : A serious defect of the older cable- 
sheaths was the patches of cracking which appeared 
after the material had been in use, and which—on 
rather slender evidence—^were put down to fatigue. 
This evidence was that the defect was particularly 
noticed in positions where vibration might have had 
some effect on the cable, and it was thought that the 
trouble would be overcome by adding a small quantity o*f 
tin, which increased the fatigue limit. I should like to 
know whether this process has tended to eliminate that 
fault, and whether the alloy element is still employed. 

Mr. H.. C. Babb: Is the author’s process of extrusion 
of the lead any better than the older process from a 


Paper by Dr. P. Dunsheath (see vol. 80, p. 363). 
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chemical-action point of view ? In other words, does the 
placing of the lead over the core of the cable in this way 
tend to stop the chemical action which generally occurs, 
especially on unarmoured cables, where ihe atmosphere is 
impregnated with salt ? 

I was rather interested to note previous speakers’ 
experience that few faults occur on cables. Of course, it 
takes quite a long time for faults to develop on lead- 
covered and armoured cables; nevertheless, I have come 
across several faults in cable sheaths caused by blowholes 
and splits. After hearing the author’s explanation of 
how the cables are sheathed with ordinary machines, 
one can understand now how these faults occur. 

Dr. P. Dunsheath {in reply ): As in discussions on 
this paper elsewhere, speakers have in turn attacked 
and supported my views as to the existence of a split- 
lead problem. Mr. Stevenson’s opinions, for example, 
are opposed to those advanced by Mr. Seddon, Mr. Babb, 
and others. Fortunately, it is not necessary to agree 
either that all existing cables are perfect or that, on the 
other hand, lead problems are serious. If the continuous 
lead-extrusion machine offers certain advantages ex¬ 
plained in the paper, and, at the same time, definitely 
excludes oxide from the cable sheath, the point is not 
really important in the present discussion. 

The question of relative cost of continuous and inter¬ 
mittent extrusion, raised by Mr. Stevenson, is one which 
depends to a large extent on local conditions.' In at 
least one factory where this new method is in operation 
the labour has been reduced by one-third, although owing 
to differences occasioned by the nature of the product 
—^manufacturing lengths, etc.—it would not be safe to 
generalize on this fact without longer experience. It can 
be stated, however, that the adoption of continuous lead 
extrusion may reasonably be expected to reduce costs. 

In reply to Mr. Robertson, the lead at the die is in a 
plastic condition, but as the pressure is exerted on the 
lead in a longitudinal as distinct from a radial direction 
there is no resulting distortion of the cable core. Fur¬ 
ther, the die temperature does not result in damage to 
the dielectric, because the sheath cools off very rapidly 


on application to the cable. Mr. Eccles is not justified 
in claiming, however, that the continuous machine is 
worse than the press in this respect. Comparison of the 
curves of Figs. 10 and 11 is no criterion of the comparative 
temperatures of operation for the two processes. The 
curves are independently included to show the character¬ 
istic explained in the paper, and in practice the extrusion 
machine is usually run at a temperature approximating 
to the average of that obtaining in the non-contimious 
press. The assumptions by these and other speakers 
on the centralizing of the cable and the solidity of the 
lead, are both correct. 

Mr. Ross is correct in assuming that the grooves at 
the front end are to prevent the lead revolving, but by 
special attention to, the design of the die chamber the 
irregularities are prevented from interfering with the 
shape of the finished pipe. 

Mr. Seddon’s proposal for I'egulating the speed of 
take-up by means of a photo-electric cell has already 
been considered and provides a satisfactory system. 

In reply to Mr. Kemp, the continuous lead-extrusion 
machine produces entirely satisfactory pipe, and at the. 
present time an installation is being carried out in the 
works of a well-known pipe manufacturer. 

On the mechanical features mentioned by Mr. Eccles, 
the Michell thrust bearing has not been tried owdng to 
the need for starting up the machine under load, and 
the Ward-Leonard drive does seem to give a very 
desirable flexibility of operation witiiout unduly exces¬ 
sive installation or running costs. 

Mr. Preece’s query regarding the rate of replacement 
of hydraulic presses in cable factories will naturally 
take a few years to answer. For the present the m achines 
are only being installed for extensions, but if they 
justify their adoption, then replacement can only be a 
matter of time. 

In replying to Mr. Smith and Mr. Babb, the adoption 
of continuous lead extrusion does not reduce the risk- 
of damage due to corrosion and fatigue, although it is 
now definitely established that the latter can be met by 
the adoption of a suitable alloy. 
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This Meter, produced by the collaboration of 
Mr. Arthur Wright and Dr. S. Z. de Ferranti, 
was first made in the year 1890. 

It is an alternating current ampere-hour meter 
incorporating a shaded pole motor. Like the 
meters described in previous announcements, it 
gives square law driving and is dependent on 
square law braking, provided by the fluid friction 
or an air fan. 


RANT 


An example of this meter in a 
cylindrical glass case may be 
seen in The Science Museum, 
South Kensington* 
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Remote Control a Indication 

for 


SUBSTATIONS 


Equipments supplied to 
Manchester Corporation Electricity Dept, 
by 

Standard Telephones and Cables Limited 

NEW SOUTHGATE, LONDON, N.ll 

TELEPHONE: ENTERPRISE 1234 


BRANCHES AND REPRESENTATIVES THROUGHOUT 

THE WORLD 


FEATURES 


Self-contained equipments. 

Escutcheon mounted control key and larqe in¬ 
dicating lamps for each breaker. 

Remote metering—volts and amps—with selec¬ 
tion keys and lamps. 

Illuminated station name facia for alarm pilot. 

Rear mounted apparatus—not a fixing screw 
shows from the front. 








































































































C.M.A. Regd. Trade Mark Nos. 422219-20 
NONAZO Regd. Trade Mark No. 458865 


Copyrifihl 
Colonel Sir 
Thontas F. Pnrves 
ExcUtsive Licensceft 
Members of the C.M,A, 


MEMBERS OF THE C.M.A. 


The Anchot Cable Co. Ltd. 
British Insulated Cables Ltd. 
Callender’s Cable &. 

Construction Co. Ltd. 
The Craigpark Electric Cable 

Co. Ltd. 

Crompton Parkinson Ltd. 

(Derby Cables Ltd.) 
The Enfield Cable Works Ltd. 


Edison Swan Cables Ltd. 

W. T. Glover & Co. Ltd. 
Greengate <Sl Irwell Rubber 

Co. Ltd. 

W. T. Henley’s Telegraph 

Works Co. Ltd. 
The India Rubber, Gutta- 
Percha & Telegraph Works 
Co. Ltd. 


Johnson & Phillips Ltd. 
Liverpool Electric Cable 

Co. Ltd. 

The London Electric Wire Co. 

&. Smiths Ltd. 
The Macintosh Cable Co. Ltd. 
Pirelli-General Cable Works 

Ltd. (General Electric 
Co. Ltd.) 


St. Helens Cable Rub be** 

Co. Ltd. 

Siemens Brothers &. Co. Ltd. 
(Siemens Electric Lamps & 
Supplies Ltd.) 

Standard Telephones & 

Cables Ltd. 
Union Cable Co. Ltd. 


Advt. of the Cable 'Makers* Associationt Sardinia Hou.se, Sardinia Street, ^.0.2. Phone: Holhorn 4976. 
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View showing one of the paper-making machines (on the left) and main control 
pillars for two paper-making machines (right) 


MAIN SWITCHBOARD. 

MOTORS AND WARD LEONARD EQUIPMENTS, 
for driving paper-making machines, calenders, koller- 
gangs, beaters, pasting machines, etc. 

COMPLETE MOTOR CONTROL EQUIPMENT 


G.EC. Main 460 volts switchboard 


The General Electric Co. Ltd. has wide experience in 
the design, manufacture and installation of all classes 
of electrical power plant and apparatus required for 
the electrification of paper mills. 

These views show some of the principal equipment in 
the well-known mills of Messrs Robert Craig & Sons 
Ltd., Airdrie, Lanarkshire, which was completely 
electrified by the G.E.C. 

The equipment includes:— 

G.E.C-Fraser & Chalmers TURBO ALTERNATOR 


m 


PAPER 


G.E.C. 80/43/16 h.p. totaily enclosed D.C. Motor 1250/670/134 r.p.m. driving calender. 
Main control pillar can be seen on the left 

Ad^t. of THE GENEMl^m^CTRIC! 'CO. LTD., MAGNET HOUSE, KINGSWAY, LONDONiW.C.2 
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We also supply 
Cadmium Copper 
Trolley Wire to 
B. S. S. 23—1933. 
and 

Cadmium Copper 
Line Wire for 
Telephone & Tele¬ 
graph purposes to 
B. S, S. 175—1927. 


OVERHEAD POWER 


No other non-ferrous material combines electrical 
and mechanical advantages for high tensile overhead 
line conductors so effectively as B.l. CADMIUM 
COPPER. Hard drawn wires containing approxi¬ 
mately 1% cadmium, have 30% to 50% greater tensile 
strength than hard drawn copper wires of equal 
section ; and an electrical conductivity not less than 
83% of the I.E.C. Standard for annealed copper. 

The high conductivity of B.l. CADMIUM COPPER 
wire as compared with other high tensile conductors 
enables smaller wire to be used with reduced ice and 


wind loading. The cost of supporting structures may 
be thereby reduced, while the high tensile strength 
allows of longer spans. 
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Other advantages of B.l. CADMIUM COPPER are its 
high fatigue strength and its resistance to atmos¬ 
pheric corrosion. It complies with the requirements 
of British Standard Specification No. 672—1936. 

We have ample facilities for the production of Cad¬ 
mium Copper and have supplied it extensively during 
the past 15 years. 
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BRITISH INSULATED CABLES LTD., PRESCOT, LANCS. 

Tel. No. Prescot 6571, London Office, Surrey House, Embankment, W.C. 2. Tel. No. Temple Bar 7722 
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BABCOCK & WILCOX LIMITED 


BABCOCK HOUSE. 34 FARRINGDON STREET. LONDON. E.C.4 


H.M.S. Cumberland and H.M.S. Suffolk have 
both recently been equipped with two 
Babcock & Wilcox Cranes for handling 
seaplanes and motorboats. 

In addition to cranes specially designed, 
for fitting on board ship, we manufacture 
extensively all kinds of cranes for dockyards. 
The well-known Babcock Level Luffing Jib 
Cranes are the ideal medium for the rapid 
transference of light or heavy loads between^ 
dock and ship. The adaptation of the level 
luffing device to Sheer Legs enables heavy 
machinery to be placed on board vessels 
at much greater speed and with greater 
precision than is possible with the ordinary 
type of Sheer Legs. 

Where heavy lifts are required at varying 
parts of the docks our floating cranes offer 
outstanding advantages. 
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A manufacturer had his factory in a district where the Power Company 
oifer a io% rebate if the power factor is corrected to over 0*95. The cost of 
a Dubilier condenser to make this correction—or his “Capital Expenditure” 
—was £32 . 10 . o. He had an annual consumption of 71,360 units and was 
paying ijd. per unit, making his account £446.0.0. At the new rate, how¬ 
ever, which came into force when the condenser was installed, he is saving 
£44.12 . o per annum—that is, obtaining a 137% dividend. 



DUBILIER CONDENSER CO. (1 925;) 'LTp;.V DU;c;ON iWORKS. VICTORIA ROAD, NORTH ACTON, 
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AUTOMATIC 

CHARGING 

TRANSRECTER 


I' 


POmR BATTERIES Etc 


S iemens Automatic charging Transrecter (incorporating 
Westinghouse Metal Rectifier), in conjunction with a 
suitable accumulator battery, provides the most efficient 
and reliable method of obtaining a D.C. SUPPLY FROM 
A.C. SUPPLY MAINS. 

Current is supplied as required to meet the load conditions ; 
the battery is automatically recharged at the proper rate 
to maintain it in its highest state of efficiency, and is always 
ready should the supply mains fail. 


ir^m of connech’ons 


FEATURES 


ELIMINATES NEED FOR SKILLED MAINTEN¬ 
ANCE ENSURES MAXIMUM RELIABILITY 
AT MINIMUM COST 


ENTIRELY AUTOMATIC — NO RELAYS, CON 
TACTORS OR MOVING PARTS OF ANY KIND 


HIGH ELECTRICAL EFFICIENCY A T ALL LOADS 


ENSURES MUCH LONGER BATTERY LIFE, AND 
REPAIRS AND RENEWALS PRACTICALLY 
ELIMINATED 


Large numbers are now giving unfailing service in many ■parts of 
the world including Soutk Africa, New Zealand, Australia, Egypt, 

Siam, Canada, Palestine, etc. 
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A.C. SUPPUY 


T 

D.C. SUPPLY 
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Aulomalk Charging Transrecler 
with cover removed 
Output 50 volts, & amps. 


WOOLWICH, LONDON, S.E.18 

Telephone: Woolwich 2020 
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Once you install 
M & M Meter Locks 
you will have no 
further cause for 
worry. These sturdy, 
•hardwearing locks, 
recognised as the 
finest obtainable, will 
give you absolute 
protection for many 
years 


AND LIGHTEN EXPENSE 
IN THE LONG RUN 


M & M Meter Locks will stand up well 
to violent treatment . . . are completely 
tamperproof, . . and will save you pounds 
on a "cost per year” basis. 

Send to-day for a sample M & M Lock— 
put it to any test you wish—and you’ll 
have to agree that there’s no better lock 
obtainable. Look for the registered Patent 
number on every M & M Lock—it’s your 
guarantee of quality. 

H. MITCHELL & CO., 

3/5, Leighton Road, Kentish Town, 
London, N.W.5 


Telephone: GULliver 2667 
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I.E.E. PUBLICATIONS 


The journal. 

Published monthly, and circulated free of charge to 
members of all classes. Single Numbers: members of 
all classes, 5s. 3d.; non-members, 10s. 6d. 

Ten-Year Index to the Journal. 

To Vols, 1-10 (1872-82), 2s. 6d; 11-20 (1882-91), 
2s. 6d.; 21-30 (1891-1901), 2s. 6d.; 31-47 (1901-1911), 
2s. 6d.; 48-59 (1912-21), 2s. 6d.; 60-69 (1922-31), 
10s. 6d. 

Proceedings of the Wireless Section. 

Published two or three times yearly, and circulated 
free of charge to members of the Wireless Section. 
Additional Numbers: members of all classes, 2s. 6d.; 
non-members, 5s. 

Students’ Quarterly Journal. 

Published in March, June, September, and December, 
and circulated free of charge to Students and Graduates 
under the age of 28. Single Numbers: members of all 
classes. Is. 6d.; non-members, 2s. 6d. Annual Subscrip¬ 
tion: members of all classes other than Students and 
Graduates under the age of 28, 6s.; non-members, 10s. 

Science Abstracts (Section A, Physics; Section B, 
Electrical Engineering). 

Published monthly. Consists of full abstracts from 
the leading Scientific andTechnical Journals of the whole 
world, thus presenting in a form com^enient for im¬ 
mediate reference a complete and concise record of the 
progress of Electrical Engineering and Physical Science. 
Single Numbers: members of all classes. Is. 9d.; non¬ 
members, 3s. 6d. Annual Subscription: members of 
all classes other than Students and Graduates under the 
age of 28, one Section 12s. 6d., both Sections 20s.; 
Students and Graduates under the age of 28, one Section 
6s., both Sections 7s. 6d.; non-members, one Section 35s., 
both Sections 60s. 

History and Objects of the Institution. 

Supplied free of charge to both members and non¬ 
members. 

Catalogue of the Lending Library. 

Revised 1936. Supplied free of charge to members. 

Regulations for the Electrical Equipment of Buildings 
(formerly I.E.E. Wiring Rules). 

Tenth edition, September 1934. Bound in cloth 
covers. Is. 6d. (postage 3d.). Bound in paper covers, 
Is. (postage 2d.). 

Regulations for the Electrical Equipment of Ships. 

Second edition, June 1926. Bound in , cloth covers, 
3s. 6d. (postage 2d.). Bound in Ami^ican cloth covers, 
2s. 6d. (postage 2d.). ’^1^" 

Model Forms of General Conditions. 

Form A. For Flome Contracts (with erection). 
Revised April 1929. 2s. (postage 2d.). 

Form Bl. For Export (delivery f.o.b.). Revised 
December 1928. Is. 

Form B2. For Export (including complete erection 
or supervision of erection). Revised December 1928. Is. 

Form C. For the Sale of Goods other than Cables 
(Home, without erection). Issued April 1924. 6d. 

Form D. For the Sale of Cables (Home, without 
erection). Issued April 1924. 6d. 

Papers set at the Graduateship Examination. 

Price Is. per set. 

The above publications are post free except where 
otherwise stated. They can be obtained from the 
Secretary of The Institution of Electrical Engineers, 
Savoy Place, Victoria Embankment, London, W.C.2, 
Or from Messrs. E. and F. N. Spon, Ltd., 57 Haymarket, 
London, S.W.l. 
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THE WEAMETER TEST SET 

A single-movement portable instrument for the 
measurement of Watts, Volts and Amperes. 

Particularly adapted for industrial testing of all kinds. 
Provides a useful equipment for the maintenance and 
service engineer. 

When three measurements are required on a circuit, 
viz., amps., volts and watts, the instrument is connected 
up as a Wattmeter, and, by operating a switch, the 
three readings can be obtained without alteration of 
the external connections and without breaking the 
load. 

“ First Grade ” Accuracy—B.S.S. No. 89. 

The instrument can be wound for 5 amperes, suitable 
for use with an existing current transformer, if required, 
or 0-5 ampere, suitable for use with an Elliott Miniature 
Current Transformer. 

Designed and Manufactured by: 


ElLlirTT B R OTHE RS uondon) LTD. CENTURY WDRWlSHAM, S.E.I3 


iSTABLISHED I80D 


TELEPHONE: TIDEWAY 5232 


A i8o" K-B Fan 
photographed 
before des¬ 
patch. Capacity: 
170,000 c.f.p.m. at 
SFw.g. Mechanical 
efficiency: over 
80 %. Alongside are 
3 smaller "K-B” 
Fans. Picture gives 
some idea of our 
manufacturing 
facilities, and we 
invite your 
enquiries. 
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EVERY Electrical MeasQrement 


RESISTANCE measurements 


CAPACITY, POWER, DECIBELS 


The Model 7 Avometer provides 
unique facilities for electrical 
measuring. It is a compact multi¬ 
range A.C./D.C. meter, having 
46 ranges, which provides for all 
measurements of A.C. and D.C. 
amperes and volts, and also for 
measurements of capacity, audio¬ 
frequency power output and 
decibels. 

The meter conforms to B.S. 1st 
grade requirements. Readings can 
be made with great accuracy. No 
external shunts or series resis¬ 
tances. If an overload is applied, 
a protective cut-out automatically 
disconnects the meter from the 
source of supply. 

J^VrUe/or descriptive pamphlet 

THE AUTOMATIC COIL WINDER & 
ELECTRICAL EQUIPMENT CO., LTD. 
Winder House, Douglas St., London, S.W.I 
Telephone; Victoria 340417 


A.C. and D.C. Amperes and Volts 


16 Gns. 

Resistance Range Ex¬ 
tension Unit (for 
measurements down 
to l/lOOth-ohm) 10/-. 


The 30rnnge Universal Avometer, 13 gns. 
The 22~range D.C. Avometer, 9 gns. 
Leather Carrying cases - - £1 

DEFERRED TERMS IF DESIRED. 


A TWO PART TARIFF PREPAYMENT 
METER WITH STAR FEATURES 



Rentarcharge adjustable from 2d. to 4/- in steps 
of id. br from 4d. to 8/- in steps of Jd. 

Exact amount of rental always collected. 

■'Af' Special arrears device enables consumer wben in 
arrears to obtain emergency supply on payment 
of one coin. 

■ Manufacturers: 

CHAMBERLAIN & HOOKHAM Ltd. 

SOLAR WORKS. NEW BARTHOLOMEW STREET 

BIRMINGHAM 

London Office: Magnet House, Kingsway, W.C.2 


NOTE 

Advertisement copy and blocks should 
reach the authorized agents. Industrial 
Publicity Service, Ltd., 4 Red Lion Court, 
Fleet Street, E.C. 4 (Telephone: Central 
8614), not later than the 20th of each month 
for publication the following month. 
Inquiries regarding space in this section 
of the Journal should be addressed to the 
Manager. 












The robust all-metal construction, 
with complete absence of moving 
and fragile parts, of Westinghouse 
Metal Rectifiers is a guarantee of 
unfailing and satisfactory service 


WESTINGHOUSE 


Part of an installation totalling 8250 amperes in service at the Birmingham 
Works of Lines Bros. Ltd., the world-famous manufacturers of Tri-ang 
toys, the “Fairycycle,” etc. 


METAL RECTIFIERS 

WESTINGHOUSE BRAKE & SIGNAL Co. Ltd. 
82 York Road, King’s Cross, London, N.I 
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PN E U M ATIC 


(Local transportation of materials 
in divided form.) 



A new 60-page illustrated 
publication, Ref, No. SF209, 
describing the design and 
operation of “Sirocco” Pneu¬ 
matic Conveying Equipment 
and containing numerous 
examples of varied applica¬ 
tions in Industry. 

# Enquiries from interested 
Executives are invited. 



“SIROCCO" PNEUMATIC CONVEYING INSTALLATION FOR 
THE FOI^ MOTOR CO., LTD., DAGENHAM, ESSEX. 
(One of two Plants. 


MANUFACTURED BY- 




T Davidson & Co. Ltd., Sirocco Engineering Works, Belfast 



LONDON ' MANCHESTER ' NEWCASTLE ‘ BIRMINGHAM ' CARDIFF • GLASGOW’ BRISTOL ’ DUBLIN 

Adv. No. 603 


CONVEYANCE 


















LOCAL CENTRES AND SUB-CENTRES~-(an/i/me<i). 


NORTH-WESTERN CENTRE. 

Chairman. —G. L. Porter. 

Hon. Secretary.—L. li. A. Carr, M.Sc.Tech.. " Oakleigh,” 
Cambridge Road, Hale, Altrincham, Chewhire. 

SCOTTISH CENTRE. 

Chairman. —H. C. Babb. 

Hon. Secretary. —.R. B. Mitchell, 154, West George Street 
Glasgow, C.2. 

Hon. Assisi. Secretary. —H. V. Henniker, 172, Craigleith 
Road, Edinburgh, 

Dundee Sub-Centre. 

Chairman. —J. Hargrove. 

Hon. Secretary. — P. Philip, c/o Electricity Supply Dept., 
Dudhope Crescent Road, Dundee. 


, SOUTH MIDLAND CENTRE. 

Chairman. —E. A. Reynolds, M.A, 

Hon. Secretary.—YL. PIooper, 65, New Street, Birmingham. 
Hon. Assist. Secretary. — R. PI. Rawll, 125, Wentworth 
Road, Plarborne, Birmingham, 17. 

East Midland Sub-Centre. 

Chairman. —W. F. Furse. 

Hon. Secretary.—]. F, Driver, Brighton Plouse, PTerrick 
Road, Loughborough. 

WESTERN CENTRE. 

Chairman. —J. W. Spark. 

Hon. Secretary.—H. R. Beasant, 77, Old Market Street, 
Bristol, 2. 

West Wales (Swansea) Sub-Centre. 

Chairman. —A. J arratt . 

Hon. Secretary. —R. Richards, 78, Glanbrydan Avenue. 
Swansea. 


Hampshire Sub-Centre (directly under the Council). 

Chairman. — R. E. G. Horley. i Hon. Secretary. — A. G. Hiscock, 

I 25, Burbiclge Grovfe, Southsea, Hants. 

Northern Ireland Sub-Centre (directly under the Council). 

Chairman.—T. T. Partridge. i Hon. Secretary.—SM. J. McC. Girvan, 

I Ardkeen. McCaughan Park, Lower'Castlereagh, Belfast. 


INFOEMAL MEETINGS. 

Chairman of Committee. —F. Jervis Smith, 

METER AND INSTRUMENT SECTION. 

Chairman. —G. F. Shotter. 


TRANSMISSION SECTION. 

Chairman. —P. Dunsheath, O.B.E., M.A., D.Sc. 

WIRELESS SECTION. 

Chairman. —E. Mallett, D.Sc. (Eng.). 


LOCAL COMMITTEES ABROAD. 


AUSTRALIA. 

New South Wales. 

Chairman. —V. L. Molloy. 

Hon. Secretary. —W. J. McCallion, M.C., c/o Electrical 
Engineers Branch, Dept, of Public Works, Sydney. 

Queensland. 

Chairman and Hon. Secretary .— J, S. Just, c/o P.O. Box 
1067n, G.P.O., Brisbane. 

South Australia. 

Chairman and Hon. Secretary. — F. W. PI. Wkeadon, Kelvin 
Building, North Terrace, Adelaide. 

Victoria and Tasmania. 

Chairman and Hon. Secretary. —H. R. Harper, 22-32, 
William Street, Melbourne. 

Western Australia. 

Chairman .— J. R, W. Gardam. 

Hon. Secretary. —A. E. Lambert, B.E., 35, The Esplanade, 
South .'Perth. 

CEYLON. 

Chairman .— Major C. H. Brazel, M.C. 

Hon. Secretary. —G. L, Kirk, Stanley Power Station, 
Kolonnawa, Colombo. 


INDIA. 

Bombay. 

Chairman. —R. G. PIigham. 

Hon. Secretary.—K. L. Guilford, B.Sc.Tech., Electric ITouse, 
Post Fort, Bombay. 

Calcutta. 

Chairman. —P'. T. Homan. 

Hon. Secretary. —D. H. P. Henderson, c/o Calcutta Electric 
Supply Corporation, Post Box 304, Calcutta, 

Lahore. 

Chairman. —Prof. T. H. Matthewman. 

Hon. Secretary. — J. C. Brown, c/o Associated Electrical 
Industries (India) Ltd., P.O. Box 146, I.ahore, 

Madras. 

Chairman and Hon. Secretary. —E. J, B, Greenwood, Elec¬ 
tricity Dept., P.W.D. Offices, Chepauk, Madras. 

NEW ZEALAND. 

Chairman. — Ph T. M. Kissel, B.Sc. 

Hon. Secretary. —J. McDermott, P.O. Box 749, Welling¬ 
ton, C.l. 

SOUTH AFRICA. 

Transvaal. 

Chairman and Hon. Secretary. —W. Elsdon Dew, Box 4563, 
Johannesburg. 


LOCAL HONORARY SECRETARIES ABROAD. 


ARGENTINE: R. G. Parrott, Avenida Pte. Roque Saenz 
Pena 636, Buenos Aires. 

CANADA: F. A. Gaby, D.Sc., Vice-President, The British 
American Oil Co., Ltd., 14th P'loor, Royal Bank 
Building, Toronto, Ontario. 

CAPE, natal, and RHODESIA: G. H. Swingler, City Elec¬ 
trical Engineer, Corporation Electricity Dept., Cape Town. 

FRANCE: P. M. J. Ailleret, 36, Avenue Kleber, Paris 
(16e). 

HOLLAND: A. E. R. Collette, Heemskerck.straat, 30, 
The Hague. 

INDIA: K. G. SiLLAR, c/o Calcutta Electric Supply Corpora¬ 
tion, Post Box 304, Calcutta. 

ITALY: L. Emanueli, Via Fabio P'ilzi, 21, Milan. 

JAPAN: I. Nakahara, No. 40, Ichigaya P'animaclii, 
Ushigomeku, Tokio. 


NEW SOUTH WALES: V. J. F. Brain, B.E., Chief Electrical 
Engineer, Department of Public Works, Bridge Street, 
Sydney. 

NEW ZEALAND: J. McDermott, P.O. Box 749, Welling¬ 
ton, C.l. 

QUEENSLAND: J. S. Just, c/o P.O. Box 1067n, G.P.O., 
Brisbane. 

SOUTH AUSTRALIA: F. W. PI. Wheadon, Kelvin Building, 
North Terrace, Adelaide. 

TRANSVAAL; W. Elsdon Dew, Box 4563, Johannesburg. 

UNITED STATES OF AMERICA: Gang Dunn, c/o The 
J. G. White Engineering Corporation, 80, Broad Street, 
New York, N.Y. 

VICTORIA AND TASMANIA: H. R. Harper, 22-32, William 
Street, Melbourne. 

WESTERN AUSTRALIA: Prof. P. H. Fraenkel, B.E., 
The University of Western Australia, Crawley, Perth. 
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LONDON. 

Chairman. — N. C. Rolfe. 

Hon. Secretary. — P. H. Pettifor, 65, The Manor Way, 
Blackheath, S.E.3. 

NOETH-WESTERN. 

Chairman. — J. A. Henley. 

Hon. Secretary. — R. M. A. Smitti, Meter Engineering 
Dept., Metropolitan-Vicker.s Electrical Co., Ltd., 
Trafford Park, Manchester, 17. 

SCOTTISH. 

Chairman .— J. S. Tait. 

Hon. Secretary. —G. H. Wire, 46, South Brae Drive, 
Jordanhill, Glasgow, W.3. 

NORTH-EASTERN. 

Chairman. —D. Smith. 

Ho7t. Secretary. —J. A. Stanfield, 44, Shipley Avenue, 
Milvain, Newcastle-on-Tyne. 


STUDENTS’ SECTIONS. 

MERSEY And north wales (LIVERPOOL). 

Chairman .— A. A. Dale. 

Hon. Secretary. — J, E. Houldin, Laboratories of 
Applied Electricity, The University, Liverpool. 


SOUTH MIDLAND. 

Chairman. —H, S. Prosser. 

Hon. Secretary. —H. J. Sheppard, 90, Prouds Lane, 
Bilston, Staffs. f 

NORTH MIDLAND. 

Chairman .— W. Ch.\mbers. 

Hon. Secretary. —PI. M. Corner, 34, Conway Drive, 
Leeds, 8. 

SHEFFIELD. 

Chairman. —H. A. Wainwright. 

Hon. Secretary. —C. C. Hall, 4, Meadow Head Avenue, 
Woodseats, Sheffield, 8. 


BRISTOL. 

Chairman.—Q.’F.Tnom^-E.. Hon. Secretary.—K. W. Britton, 66 , High Street, Easton, Bristol, 6. 


THE I.E.E. BENEVOLENT FUND. 

There are many members and former members of The 
Institution who are finding life difficult. Please help 
them by sending an annual subscription or a donation 
to the I.E.E. Benevolent Fund. 

The object of the Fund is: To afford assistance to 
necessitous members and former members (of any class) 
of The Institution of Electrical Engineers who have paid 
their subscription for at least five years consecutively or 
compounded therefor, and to the dependants of such 
members or former members.” 

Subscriptions and Donations should be addressed to 

THE HONORARY SECRETARY, THE BENEVOLENT FUND. 

THE INSTITUTION OF ELECTRICAL ENGINEERS, 

SAVOY PLACE, W.C.z. • 

♦ 

I%CAL HON. TREASURERS OF THE FUND. 

Irish Centre: T. J. Monaghan. Hortk-Eastern Centre: N. Cresswell. North Midknel Centre: 
R. M. Longman. Sheffield Sub-Centre t W'jE. Burnand. North-l^estern Centre'. T. E. Herbert, Mers'ey 
and North Wales {Liverpool) Centre: A. G.'Livesey. Scottish Centre: {GIasgon) A. Lindsay; {Edinburab) 
D. S. Munro. Dundee Sub-Centre: P. Philip. South Midland Centre: W. Y. Anderson. Western Centre’ 
{Bristol) L. P. Knill; {Cardiff) J. W. Elliott. Hampshire Sub-Centre: SSI. P. Conly, M.Sc. 
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